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Abstract: 
 
This report investigates the down-aisle buckling load capacity of steel storage rack uprights. 
The effects of discrete torsional restraints provided by the frame bracing in the cross-aisle 
direction is considered in this report. Since current theoretical methods used to predict the 
buckling capacity of rack uprights appear to be over-conservative and complex, this research 
may provide engineers an alternative method of design using detailed finite element analysis. 
 
In this study, the results from experimental testing of upright frames with K-bracing are 
compared to finite element predictions of displacements and maximum axial loads. The finite 
element analysis is then used to determine the buckling loads on braced and un-braced 
uprights of various lengths. The upright capacities can then be compared with standard design 
methods which generally do not accurately take into account the torsional resistance that the 
cross-aisle frame bracing provides to the upright. 
 
The information contained in this report would be beneficial to engineers or manufacturers 
who are involved in the design of rack uprights or other discretely braced complex light 
gauge steel members subject to axial loads. 
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Nomenclature 
 
A  nominal cross sectional area of the upright or brace 
Aeff effective cross sectional area of the upright 
A(g) gross cross sectional area of the upright 
Anet min minimum cross sectional area of the upright through the perforations 
DX
  
translational displacement restraint about the x axis 
DY
  
translational displacement restraint about the y axis 
DZ
  
translational displacement restraint about the z axis 
Ε  Young’s modulus of elasticity 
e total eccentricity of the axial load from the centroid of the upright section 
eo  initial crookedness 
ep  applied loading eccentricity 
foc  elastic flexural-torsional buckling stress 
fu  ultimate tensile strength of steel used in design 
fy, ft nominal 0.2% proof stress or yield stress of steel, measured yield stress 
G  Shear modulus 
H  rack height  
Iw  warping constant 
Ix  second moment of area of the upright about the x-axis 
Iy  second moment of area of the upright about the y-axis 
J  torsion constant for a cross-section 
L total length of upright measured from centre to centre of pivot points  
Lex effective buckling length of upright in bending about the x-axis 
Ley effective buckling length of upright in bending about the y-axis 
Lez  effective buckling length of upright for twisting  
Lni  
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Lo  original length of steel coupon 
Ls,m measured upright length 
Ls,n  nominal upright length 
PE  Euler’s critical buckling load 
Pu  ultimate load 
Pu,d  ultimate dynamic load 
Pu,s  ultimate static load 
Q  form factor of stub column (Q factor)  
rx  radius of gyration 
RX
  
rotational restraint about the x axis 
RY
  
rotational restraint about the y axis 
RZ
  
rotational restraint about the z axis 
s0.2  0.2% proof stress 
u  displacement of upright in principal y-direction 
v  displacement of upright in principal x-direction 
xc x coordinates of the centroid of the section 
xo x coordinates of the shear centre of the cross section measured from the 
centroid (principal axis) of the section 
yc y coordinates of the centroid of the section 
βx,βy monosymmetry section constants about the x and y-axis respectively 
∆Lo deviation from original Lo (elongation) 
εu  ultimate strain of steel coupon 
φ  design capacity factor 
ρ density of material 
ϑ  rotational twist of upright about its principal axis 
ν  Poisson’s ratio 
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1 Introduction  
 
Light gauge steel design of cold-formed sections is generally more complex for structural 
engineers than standard steel design of hot-rolled or welded plate sections. The 
Australian/New Zealand Standard for cold-formed steel structures AS/NZS 4600:2005 [1] 
can be used to design light-gauge steel sections with thicknesses up to 25mm. However the 
thickness is generally less than 6mm and frequently less than 3mm, so the member is highly 
susceptible to buckling under its ultimate load. Depending on the slenderness of the member, 
buckling may occur globally along the full length of the member as flexural or flexural-
torsional buckling, or it may occur within the section of the member as local or distortional 
buckling. The ultimate load, location and mode of buckling for light-gauge members is quite 
difficult to determine theoretically since both the material and geometry have non-linear 
behaviours. Structural engineers in Australia and New Zealand are currently provided with 
reliable but in some cases over-conservative guidelines for calculating the ultimate load 
capacities of light-gauge steel members through AS/NZS 4600 [1]. 
 
One type of application where light-gauge steel is commonly used is in pallet racking 
structures where goods are stored in warehouses prior to distribution to regional or local 
suppliers. To design these structures, engineers often use column curves initially to estimate 
the capacity of the storage rack uprights. The column curve gives a good approximation of 
the load capacity of the upright for given effective length and cross-section geometry. 
However, the effective lengths for flexure and torsion are often difficult to determine 
accurately. 
 
A design option which can be used to verify or quantify the capacity of the storage rack 
upright is to undertake full-scale tests of the upright in a framed subassembly, as shown in 
Figure 1. Results from similar framed upright tests in Europe have indicated a 10-15% gain in 
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strength of the upright compared to what was calculated through European Standards [2] for a 
single isolated upright. There is confidence that similar gain in strength will be discovered in 
carrying out full-scale tests in accordance with the European recommendations [2] and 
comparing the results to that calculated from AS/NZS 4600 [1]. 
 
In this thesis, four different lengths of 90mm wide x 2.4mm nominally thick storage rack 
uprights were examined. For each length, three representative specimens were load tested at 
the University of Sydney, NSW to generate an experimental column curve. Although 
research and development tests such as these generally give the manufacturer ideal results, 
they are both time-consuming and costly. Therefore, an alternative approach to determining 
the ultimate strength of storage rack uprights has been investigated in this report using Finite 
Element Analysis (FEA). 
 
The results from both the experimental testing and the FEA presented in this research report 
are compared to the theoretical design solutions in AS/NZS 4600 [1]. Reduction factors for 
the effective length of the upright in torsion are then suggested to account for the discrete 
bracing restraints, as well as a revised column curve which can be used for future structural 
design of the abovementioned storage rack uprights. 
Figure 1 - Upright Frame Sub-assemblies 
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2 Literature Review 
 
Many reports and papers have been written about the buckling of light gauge steel columns 
and beams although most of these reports examine C-channels or Zed sections. Much less 
research has been undertaken into more complex sections such as uprights for pallet racking. 
This chapter summarises the main contributions to research on light gauge steel design, with 
emphasis on the design of pallet racking uprights. 
 
2.1 Recent Advances 
 
Manufacturing of racking uprights (and beams) has evolved over the last few decades, and 
will certainly continue to develop with the use of advanced technological methods. Multiple 
stiffeners, various perforation shapes, and further material advances assist in optimising the 
upright sections.  
 
Davies [3] describes some of the recent technological advances in cold-formed steel 
structures and the development of beam and column sections due to the increase in 
manufacturing technology and new products/applications. Consequently, these advances have 
lead to a demand in developing new design procedures of cold-formed steel to cater for the 
more complex sections that have evolved. 
 
Some recent advances [3, 4] in the manufacturing of steel which should continue to develop 
even further are as follows: 
• Higher yield stress of the steel (ultra-high yield stresses can reach 1,100MPa) 
• Low-alloy steels 
• Increased Young’s modulus in the direction of rolling 
• Greater fire resistance (with less creep at high temperatures) 
• Better corrosion resistance 
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 8 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
• Improved roll-forming machines (computer operated accuracy) 
 
With these advances, manufacturers have developed their light gauge sections by adding 
extra stiffeners and making use of complex yet achievable rolling techniques. Davies [3] uses 
Figure 2 below to show how variations of the initially simple Zed and C-channel sections 
have evolved. The design rules such as those outlined in the North American Specification 
for cold formed steel structures (NAS), Eurocode 3, Part 1.3 and AS/NZS 4600 [1] are 
already quite extensive and are becoming even more difficult for the latest advanced and 
complex sections. As has been achieved with the recently developed Direct Strength Method, 
it is possible to develop simplified design equations but then the results may be too 
conservative, and the main aim of manufacturing the complex section is to maximise the 
capacity, which may not be achieved with over-conservative results. Therefore, the design of 
light-gauge steel requires further research to produce simple but accurate design methods. 
This report is aimed at achieving this advancement through experimental, analytical, and 
numerical research. 
 
 
Figure 2 - Evolution of cold-formed purlin sections 
 
 
2.2 Summary of Design Methods 
 
Various methods have been used by engineers to design cold-formed steel members, and 
some of the more recent methods are summarised as follows: 
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• FEA (Finite Element Analysis) Method [3] 
o An initial model representing the structure or structural component is built 
within the computer software.  
o Load can be placed at any point on the member and in any direction. 
o Once solved for the given load, the software provides solutions of the 
governing differential equations and calculates the reactions and deflections 
over the length of the member. 
o The reactions and deflections are examined to determine if the structure or 
structural component has the required design capacity. 
o The analysis solvers can incorporate non-linear stress-strain relationship and 
non-linear geometry. 
o Point-contact elements, links, and/or compression only members can be used 
to model the contact between connected components. 
o Perforations can be included if required. 
o Complex boundary conditions can be examined if required. 
o With increasing computer speeds and memory, FEA now takes less computer 
time to carry out. 
 
•  Effective Width Method [6, 7, 8] 
o Effective widths on individual parts of the full section are calculated from first 
understanding the stress distribution within the member. This includes 
calculating the element buckling stress from simple plate theory with edges 
supported (by stiffeners) or free (no stiffeners). 
o The effective widths are then combined to determine an overall effective 
section. 
o Depending on the applied stresses, a new centroidal axis is equated. 
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o A new effective section is determined based on the new centroid of the 
section, and the iterative process is continued until the solution converges. 
o Depending on the slenderness of the member, different equations are then used 
to determine buckling capacities for each mode of buckling. 
 
• FSM (Finite Strip Method) [3, 9, 10] 
o Semi-analytical, semi-numerical approach 
o Similar to FEA but requires less time to build the model, uses less memory 
and has faster solve times. 
o Based on half sine wave displacement functions. 
o Assumes simple pinned end supports. 
o Axial load or constant bending moment is applied to give constant stress 
resultant. 
o This method is used in the program Thin-Wall [9]. 
 
• ECBL (Erosion of Critical Bifurcation Load) [6, 11, 12] 
o Semi-analytical method based on plate effective width. 
o Introduces the local failure mode of thin-walled sections into the global 
behaviour of the member (local-overall buckling interaction). 
o Introduces an erosion factor to accurately determine the imperfection factor. 
o Successfully used to predict behaviour of perforated sections. 
 
• DSM (Direct Strength Method) [6, 7, 8, 11, 13] 
o Relatively new semi-empirical method being brought into some design codes, 
including the NAS and AS/NZS 4600:2005 [1]. 
o In essence, this method replaces the effective width concept with an effective 
stress concept. 
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 11 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
o Uses full section properties therefore no calculations required for effective 
width/section. 
o Uses FSM to obtain the elastic critical buckling loads for each mode type. 
o Depending on the slenderness of the member, a simple equation for the 
ultimate strength can be derived for each buckling mode. 
 
• GBT (Generalised Beam Theory) [4, 14, 15] 
o Essentially the separation of the behaviour of a prismatic member into a series 
of orthogonal displacement modes. 
o All buckling modes and their interaction are examined. 
o Each buckling mode or interaction of modes has a relatively simple equation 
in terms of the generalised section properties and the material properties. 
o Can separate and combine individual buckling modes and their associated 
buckling components. 
o Axial load or constant bending moment is applied to give a constant stress 
resultant. 
 
• Equivalent thickness approach [6, 16, 17] 
o This approach is used in conjunction with GBT or FEA. 
o Perforated walls are designed as a continuous solid wall with a reduced 
thickness of equivalent total volume. 
o This method is only expected to work for small perforations [6]. 
o Works best for members subject to torsional-flexural buckling [10]. 
o Not recommended for members subject to local buckling. 
 
From many of the current research reports and papers, the trend appears to be leading to FEA 
Methods [15, 18, 19] using advanced algorithms. Although the initial modelling and pre-
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 12 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
processing may take time, FEA is proving to be very accurate and can simulate most of the 
factors which contribute to the actual problem at hand. FEA is versatile and accounts for the 
following effects: 
 
• Non-linear material properties can be easily applied. 
• The method can accurately model perforations. 
• Applied loads do not have to be uniform and can act anywhere on the member. 
• It is quite easy to modify parts of the member if further optimisation is warranted. 
• Full member analysis generally gives more accurate results than simplified section 
analysis and the actual stress distribution through the uprights (plate elements) is 
equated. 
• The effects of the bracing restraints (and other composite actions) can be included in 
the more detailed analysis to simulate the physical case. 
• A large amount of useful information can be extracted from the results including load 
paths through the member, buckled shapes, and local points of overstressed regions 
which can be used to help understand the behaviour of the cold-formed section and 
improve product development.  
 
 
2.3 Buckling Modes 
 
The main aim of all methods outlined in Section 2.2 is to determine the critical buckling load, 
ensuring that all modes of buckling along with the interaction between these modes are 
checked. For light gauge steel sections the three main buckling modes due to axial 
compression are local, distortional, and global (flexural or flexural-torsional). 
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Depending on the slenderness of the upright, any one or a combination of these failure modes 
could be the governing design mode. In order of short to slender columns, the buckling 
modes are described as follows: 
• Local, where the section involves plate flexure alone without transverse deformation 
of the line of adjoining plates. 
• Distortional, where the cross-sectional shape changes along the length of the member 
without transverse deformation. 
• Flexural, where the section moves laterally in a principal axis direction only and does 
not change its original cross-sectional shape or twist. 
• Flexural-torsional, where the section moves laterally and twist about the shear centre 
without a change in its original cross-sectional shape. 
 
Schafer [8] discusses local, distortional and global buckling predictions of members including 
lipped channels and zed sections. Strength column curves on sections including rack uprights 
are also reviewed. Schafer [8,13] proposes a direct-strength method for column design which 
includes separate strength curves for local and distortion buckling. Interaction of these modes 
with global buckling is also considered. Schafer’s method appears to be simple and accurate 
for the sections examined in his research, however for members such as racking uprights 
which have perforations and non-standard restraint conditions, a more detailed analysis such 
as FEA may prove to be more accurate. 
 
2.3.1 Recent progress on Distortional Buckling 
 
For light-gauge sections, distortional buckling plays an important role in the behaviour of 
many sections. Distortional buckling is generally observed in wide-flange singly symmetric 
members subject to compression. 
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Rondal [4] explains that distortional buckling has been a more critical mode of buckling since 
introducing higher strength steels with thinner sections. Until about a decade ago, distortional 
buckling was not commonly known amongst engineers since it is not a common failure mode 
in traditional hot-rolled steel design.  
 
In addition to research from Rondal [4] and Hancock [7] who also mention many other 
references for further study of this mode of buckling, there has recently been extensive 
research carried out on the distortional buckling mode [20, 21, 22, 23]. Most of the research 
is based around simple lipped channel sections.  
 
Lipped channel sections are similar to pallet racking uprights, in the way that additional 
stiffeners may increase the capacity of the member. Khong [10] was amongst the first 
researchers to show (using the finite strip method) how edge stiffeners greatly increase the 
buckling strength of a plain channel. Khong [10] showed that an adequately edge stiffened 
channel subjected to axial load exhibits post buckling strength which is of significant value. 
Batista and Rodrigues [24] used experimental methods to determine the buckling curves of 
stiffened and unstiffened channels. Even though the section is different to a rack upright 
section, the methodology and theory behind the advancements of this section can be used for 
cold-formed sections in general. 
 
Leece and Rasmussen [20, 21] carried out experimental data and simulated FEA models to 
assess current design guidelines for distortional buckling of stainless steel lipped channel 
members in compression. Channels with and without intermediate stiffeners were examined. 
The majority of tests showed distortional buckling as the critical failure mode, with one 
shorter length channel experiencing local and distortional buckling interaction. 
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Chodraui, Neto, Goncalves, and Malite [22] state that for members without edge stiffeners, 
the local buckling mode is more critical than the distortional mode. This is not necessarily the 
case for racking upright sections as confirmed by the research undertaken by Hancock, 
Kwon, and Bernard [23] where distortional buckling on an unlipped rack upright was 
analysed using the finite strip method. Chodraui, Neto, Goncalves, and Malite [22] also 
conclude from their research that the sections most sensitive to distortional buckling are ones 
with wide flanges and edge stiffeners such as lipped channels, Z sections, hat, and rack 
sections. This may be true, although instead of thinking in terms of flange widths, the 
designer should be concentrating on width/thickness ratios and slenderness of the column. In 
addition to this, the designer should always check for distortional buckling in open sections 
subject to axial compression. 
 
Hancock, Kwon, and Bernard [23] used the FSM (described in Section 2.2) and also a 
modified effective section approach to determine the capacity of sections subject to 
distortional buckling. Although the results were reasonable for sections which underwent 
distortional buckling before or at the same time as local buckling, both methods could not 
account for local buckling happening before distortional buckling. 
 
The direct strength method pioneered by Schafer and Pekoz [13] has enabled engineers to 
design common sections such as lipped channels, zeds, hats and simple rack uprights without 
calculating the effective section properties or undertaking any in-depth analysis. The 
distortional buckling of unperforated compression members and members subject to bending 
can be calculated using the full area and the elastic distortional buckling stress. The direct 
strength method individually checks for each buckling mode, including local, distortional, 
and flexural/lateral-torsional buckling using separate equations for each possible buckling 
mode. 
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FEA can be shown to be superior to most other methods because with FEA all possible 
modes of failure, including distortional buckling and its interaction with local and global 
buckling are accounted for in the analysis. 
 
 
2.4 Testing of Upright Frames 
 
Generally, testing of cold-formed members is less common now that analytical methods have 
improved. However, for some applications such as pallet racking, testing is still quite 
frequently carried out since contribution from the bracing between uprights has a significant 
effect on the buckling capacity. In addition, short or stub columns still require testing to 
determine local buckling and the effects that perforations have on the ultimate load of the 
columns. More research on this is discussed in Section 2.5. 
 
 
2.5 Perforations and Stub Column Testing 
 
Perforations are essential in rack uprights as they enable beams and bracing members to be 
connected to the uprights at variable heights to form the storage rack structure. However, 
perforations also make the design of cold-formed steel sections more complex. To determine 
the influence that perforations have on local and/or distortional buckling, stub (short) 
columns are loaded in compression between two rigid plates. 
 
The ultimate compressive load (Pu) of the stub column test is used to calculate a form factor 
(Q) which is then used in determining the effective area of the cross section. AS 4084 [25] 
indicates the equation to use to determine the Q factor, which is represented as Equation 1 
below:  
tnet
u
fA
PQ
.min
=         (1)
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Where ft is the measured yield stress of the upright material from a tensile coupon test, and 
Anetmin is the minimum cross-sectional area of the upright through the perforations. For the 
9024 uprights in the test, the value of Anetmin taken through the diamond slots in the web of 
the section is {621mm2 – (30mm x 2.39mm)} = 549.3mm2. 
 
Hancock [26] states that the Q factor cannot be determined theoretically and testing is 
required. The results in this report indicate that stub column capacities and hence Q factors 
can also be accurately determined using material and geometric non-linear FEA. 
 
There has been a significant amount of research on stub column testing and some reports 
investigate the use of FEA to determine the ultimate stub column capacity. Davies, Leach and 
Taylor [16] carried out tests on stub column members produced in the UK and compared the 
results to those from GBT and detailed FEA. The aim of this research was to determine if 
physical testing such as stub column testing could be minimised when designing and 
developing racking uprights. The equivalent thickness approach was used with the GBT 
method to take into account perforations within the stub column. The results of this analysis 
showed that the member capacity was similar to that of an equivalent perforated section. It 
was noted that the effective thickness method was only used in predicting local and 
distortional buckling modes, and global buckling modes simply adopted the gross section 
properties. Compared with the FEA method, the GBT gave results for the stub column 
capacity which were closer to the physical tests. This was surprising since the FEA modelled 
the perforations as well. Quite possibly, the FEA mesh was not fine enough to accurately 
capture the load path and initial buckling of the member. Kesti and Davies [15] also showed 
that when using GBT, the effective width approach for local buckling and the effective 
thickness approach for distortional buckling gave reasonable results. 
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Sivakumaran and Abdel-Rahman [19] used FEA to predict the post-buckling behaviour of 
cold-formed steel compression members. A lipped channel section was used and divided into 
two zones, namely the flat zones and the corner zones. The corner zones were given a yield 
stress limit and an ultimate stress limit which was significantly greater than that of the flat 
zones. It is understood that the additional yield strength around the corner zones is created 
during the roll-forming process and the magnitude was determined through coupon tests in 
the longitudinal direction. Leece and Rasmussen [20, 21] also concluded from extensive 
experimental work on stainless steel lipped channel sections that the corners had 0.2% proof 
stresses up to 2.3 times greater than those of the virgin material although such increase in 
yield stress is not found in carbon steel sections. It was also noted that the enhanced corner 
properties were only significant for short sections and do not have much affect on slender 
columns. Although FEA is an accurate way of modelling the material properties, 
consideration must also be given to the reduced thickness of the material around the corners 
which is also commonly caused by the roll-forming process. Another interesting result from 
Sivakumaran and Abdel-Rahman’s [19] tests was comparing stub column capacities of oval 
and rectangular perforations with circular and square perforations. The results showed that 
the width of the perforation is not the only factor for the load capacity, but the height of the 
perforation is another factor. Overall, Sivakumaran and Abdel-Rahman [19] showed that 
FEA on lipped channel stub columns could be used to determine the local buckling and post 
buckling behaviour of the cold formed steel section subjected to axial compression. 
 
Davies, Leach and Taylor [16] experienced some difficulties when modelling the boundary 
conditions in the simulation of a stub column test. The stiff plates at the top and bottom of the 
stub column were modelled as thick plate elements with point contact elements between the 
uprights and loading plates to simulate the friction that would occur. Pekoz and Rao [18] 
undertook a limited parametric study on the effect of warping constraint at column bases and 
found that warping-fixed cases simulates the actual conditions better than the warping-free 
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case. Kesti and Davies [15] assumed rigid end boundary conditions when testing stub 
column, which prevented warping at the ends of the stub column. Teh, Hancock, and Clarke 
[27] also assumed that torsional warping is fully restrained at the column bases. Sivakumaran 
and Abdel-Rahman [19] modelled the connection between the upright and the loading plate 
using short rigid truss elements between the nodes at the end of the upright and a rigid plate 
element. The methodology was similar to that presented in this report, where the nodes at the 
loaded end of the upright all move together in the same plane, whilst allowing the load path 
to distribute through the upright section non-uniformly as it does in the physical test. 
 
Freitas A, Freitas M, and Souza [28] also used FEA to determine the stub column capacity of 
storage racks in Brazil. A triangular mesh was used in the analysis and shown to produce 
significantly higher ultimate strengths than the experimental ones. One reason for the 
differences in load capacities observed in Freitas A, Freitas M, and Souza’s [28] study may 
be due to using the triangular elements instead of quadrilateral elements. Typically analysts 
try not to use triangular elements for anything other than 2D plane strain problems (where the 
strain normal to the plane is zero).  It was also shown that when the actual section properties 
including imperfections were used in the FEA, the load capacity was about 10% less than that 
using the nominal section properties. In addition, the buckling mode of the member with 
actual section properties was the same as what was observed in the experimental tests.  
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3 Experimental Testing 
 
Experimental tests on pallet racking uprights were undertaken to determine the maximum 
axial compression load for the members. These tests take into account typical imperfections 
such as crookedness. The results from the experimental testing are used as a benchmark when 
carrying out the detailed computer analysis in Section 4 – Analysis. 
 
Experimental tests on rack uprights are also required to produce design curves or ‘column 
curves’ in accordance with the FEM Specification [2]. Engineers involved with designing 
storage racks can use the column curves to choose an appropriate section size for their 
specific design requirement. Section 5 explains the background to column curves and how to 
derive them in more detail. 
 
The different tests required to produce the column curves, along with the results of each test 
are outlined in Section 3.1 to 3.3 as follows. 
 
 
3.1 Upright Frame Compression Tests 
 
Axial compression tests on the rack uprights were undertaken in accordance with the FEM 
Code [2]. Since storage racks are constructed with bracing between the uprights in the cross-
aisle direction, the FEA Code [2] suggests to test the upright as part of a frame, as shown in 
Figure 3. This allows realistic results to be obtained from the test and includes the 
contribution from the bracing members to the overall stability and strength of the upright 
frame.  
 
From the tests, load versus deflection curves were produced over a range of upright lengths. 
The ultimate axial loads and modes of failure were also observed and recorded. 
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3.1.1 Material and Section Properties 
 
The compression tests were carried out on 90mm wide x 2.4mm nominally thick uprights 
provided by Dematic. The upright members were made from cold-formed galvanised steel 
produced to AS1397 [29] with a minimum yield stress guaranteed by the manufacturer of 
450MPa. The cross-section had extended rear flanges (lipped) with nominal dimensions 
(provided by the manufacturer) and an axis system as per Figure A1 and Figure A2 of 
Appendix A. Based on these dimensions with a continuous thickness of 2.4mm, the 
geometric cross-sectional properties were calculated using hand calculations and verified 
with the computer program ColdSteel/4600 [30]. The results of the analysis by 
ColdSteel/4600 [30] are shown in Appendix C1 on page 134 and the calculated section 
properties for the nominal thickness are indicated in Table 1. 
Ram 
Top 
Restraint 
Bottom 
Restraint 
Counter- 
weight 
Upright 
Frame 
Horizontal 
Bracing 
Members 
(Top and 
Bottom) 
Diagonal 
Bracing 
Members 
Figure 3 - Complete Frame Assembly 
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The full thickness (including the galvanising layer) was measured as 2.44mm. After acid-
etching the galvanising layer from the steel sample, the actual base metal thickness was 
measured as 2.39mm. Each measurement was carried out using digital Mitutoyo Micrometers 
with a scale to the nearest 0.01mm. The section properties for the measured base metal 
thickness and actual thickness were then re-calculated using hand calculations and are 
indicated in Table 1. The section properties were also verified with the computer program 
Thin-Wall [9]. The Thin-Wall analysis results for an upright section with nominal dimensions 
and a measured thickness of 2.39mm is shown in Appendix C2. Two of the tested upright 
sections were also measured by tracing around the top and bottom of the member. The 
centreline of these measurements was entered into Thin-Wall with a nominal thickness of 
2.4mm to check that the measured dimensions matched the nominal dimensions. The Thin-
Wall analysis results for these four sections are shown in Appendix C4 to C7. The difference 
between the measured and nominal gross cross-sectional area is calculated to be less than 2%. 
 
To determine the column curves for the uprights tested, the section properties for the 
measured base metal thickness of 2.39mm were used. The galvanising layer was ignored 
because it is made from a softer material than steel and hence contributes insignificantly to 
the section strength. 
 
Table 1 - Section Properties of Uprights 
 
*     Nominal thickness 
**   Measured base metal thickness (without galvanising layer) 
*** Measured actual thickness (with galvanising layer)  
A(g) calculation = [Manufacturer’s nominal feed width (260mm)] x [Thickness] 
Thickness 
(mm) 
A(g)       
(mm2) 
Ix        
(mm4) 
Iy       
(mm4) 
J         
(mm4) 
Iw         
(mm6) 
rx           
(mm) 
xo         
(mm) 
βy         
(mm) 
   2.40* 624 0.700E+06 0.452E+06 1198 0.746E+09 33.5 63.5 140.7 
2.39** 621 0.697E+06 0.450E+06 1183 0.743E+09 33.5 63.5 140.7 
 2.44*** 634 0.712E+06 0.460E+06 1259 0.758E+09 33.5 63.5 140.7 
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Perforations in the uprights consisted of diamond shaped slots at 75mm vertical centres along 
the web of the member and 10.4mm diameter circular bolt holes at 75mm vertical centres 
along the side flanges of the member, off-set from the perforations in the web. The 
perforations are required for connecting down-aisle pallet support beams and cross-aisle 
bracing between the uprights. Figure A2 shows the details of the perforations. Note that there 
were no optional ‘kingway slots’ in the tested uprights.  
  
The horizontal and diagonal bracing members shown in Figure 3 consisted of galvanised 
lipped channels with material properties shown in Table 2. The bracing members are cold-
formed galvanised steel members with a nominal yield stress 450MPa. Additional tests were 
not conducted to determine the actual yield capacity or thickness of the bracing since these 
members are not the main components when determining the design capacity of the storage 
racks and usually behave elastically when testing the upright frames. 
 
Table 2 - Section Properties of Bracing Members 
Thickness 
(mm) 
A        
(mm2) 
Ix        
(mm4) 
Iy       
(mm4) 
J         
(mm4) 
1.5 160 50.1E+03 13.9E+03 136 
 
3.1.2 Frame Assembly 
 
The upright frames were assembled as shown in Figure 1 using the maximum frame width 
specified for the product (840mm outside to outside of opposing uprights). The four nominal 
lengths tested were 1350mm, 1950mm, 2550mm, and 3150mm.  The minimum number of 
test lengths indicated in Section 5.4.3 of the FEM code [2] is five as per the following 
criteria: 
• “The smallest of which shall just allow a single bracing panel” 
• “The longest length shall correspond to a non-dimensional slenderness ratio,            
λ  = 1.50” and 
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• “At least three other test lengths shall be chosen approximately equally spaced 
between these two extremes.”  
In this case it was only possible to test four lengths of upright frames. The smallest possible 
test frame is the 1350mm long frame with a single 1200mm distance between the horizontal 
bracing and the largest frame such that λ  equals 1.50 is the 3150mm long frame. There are 
only two other possible lengths between these two extremes, as shown in Figure 1. 
 
Prior to assembling the frames, 0.75mm to 1.5mm was milled off the ends of the loaded 
uprights as shown in Figure A3. This ensured that the ends of the uprights sat flat on the 
bearing plates. The nominal and measured lengths Ls,n and Ls,m are shown in Table 3. The 
bracing members were then bolted to the uprights with 1 off M10/8.8 galvanised steel bolt 
and 1 off M10 wizz nut per connection. The bolt was tightened with a hand torque wrench set 
on 31Nm which is equivalent to that used in practice. Galvanised steel spacers were used at 
the top and bottom of the uprights at single brace locations.  
 
Table 3 - Lengths, eccentricities and ultimate loads of uprights 
Measured Nominal Measured Test 
No. 
Date of 
Test Ls,n Ls,m L eo ep e ep e 
Pu,d Pu,s 
1350_1 8/01/2004 1350 1347 1457 0.00 0.97 0.97 0.50 0.50 202 198 
1350_2 9/01/2004 1350 1349 1457 0.25 0.72 0.97 -0.50 -0.25 198 195 
1350_3 9/01/2004 1350 1349 1457 0.00 0.97 0.97 -1.00 -1.00 187 184 
1350_4 13/01/2004 1350 1347 1457 0.00 0.97 0.97 1.00 1.00 184 181 
1350_5 13/01/2004 1350 1347 1457 0.00 0.97 0.97 1.00 1.00 191 188 
1950_1 14/01/2004 1950 1948 2058 0.25 1.12 1.37 1.00 1.25 149 145 
1950_2 14/01/2004 1950 1948 2058 0.25 1.12 1.37 1.00 1.25 146 143 
1950_3 14/01/2004 1950 1948 2058 0.13 1.24 1.37 1.25 1.38 146 143 
2550_1 15/01/2004 2550 2547 2658 0.13 1.64 1.77 1.75 1.88 108 105 
2550_2 15/01/2004 2550 2547 2658 0.06 1.71 1.77 1.75 1.81 103 101 
2550_3 15/01/2004 2550 2547 2658 0.00 1.77 1.77 1.75 1.75 105 103 
3150_1 16/01/2004 3150 3147 3258 0.13 2.04 2.17 2.00 2.13 89 88 
3150_2 16/01/2004 3150 3147 3258 0.25 1.92 2.17 2.00 2.25 89 88 
3150_3 23/01/2004 3150 3147 3258 0.25 1.92 2.17 2.00 2.25 93 91 
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The support conditions at the top and bottom of the loaded upright were such that the upright 
could freely rotate at each end about the section’s x-axis (see Figure A4 for axis system) only 
and was fixed against rotations about the y-axis and z-axis. The translational restraints 
allowed the upright to move in the vertical z-direction at the top where the load was applied, 
however all other translations were fixed. Figure A5 and Figure A6 show an image of the top 
and bottom restraints. A complete frame assembly is shown in Figure 3. The overall down-
aisle buckling length measured between the centreline of the pivot points on the supports, L, 
is indicated in Table 3.  
 
3.1.3 Test Procedure 
 
Once the frame was assembled, the initial crookedness (eo) was measured by tensioning a 
piano wire along the length of the upright and measuring the distance from the piano wire to 
the mid-span of the upright. The loading eccentricity (ep) to be applied in the test could then 
be calculated using Equation 2 below. The total nominal eccentricity (e) is equal to L/1500 
where L is the total centre to centre distance between the pivot points of the pin-ended 
bearings, 
e
L
ep o= −1500        (2) 
 
A total eccentricity of L/1500 was used in the tests since Bjorhovde [14] reported a mean 
column out-of-straightness of L/1470 of the specimen length. The measured initial 
crookedness and applied loading eccentricity are shown in Table 3. 
 
The milled upright was then positioned between the roller bearing pivot points and lightly 
loaded to keep the upright in position. By laterally tapping the top and bottom of the upright 
with a rubber hammer, the centroid of the upright was moved in the global y-direction (refer 
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to Figure A4) so that the eccentricity ep (noted above) could be set. Due to the eccentricity 
being quite small (1mm to 2 mm) and the distance measured using a scale rule to the nearest 
0.5mm, there may be some small errors associated with the measured eccentricities. The 
loaded upright was oriented such that the bracing arrangements gave the lowest strength. 
Generally the maximum distance between the bracing connection points was positioned at the 
centre of the loaded upright or otherwise at the bottom of the loaded upright as indicated in 
Figure 1. The un-loaded upright was independently supported with counter-weights as per 
FEM Code’s [2] test arrangement shown in Figure 4. The load cell and counter-weight 
images are shown in Figure A7. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Once the upright was in position, five Linear Variable Differential Transducers (LVDTs) 
which measured displacement were placed at the mid-height of the loaded upright. The 
LVDTs used in the test are shown in Figure A8. For frames longer than 1350mm, an extra 
five LVDTs were placed at about 1/3 height from the top or bottom of the upright to provide 
Figure 4 - FEM Test Arrangement 
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 27 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
additional measurements if required to investigate distortional buckling modes. A data-taker 
DT800 and 458.10 micro console controller recorded the displacements from the LVDTs 
whilst the program DeLogger captured the data at 1 second increments. The positions of the 
LVDTs were recorded and used to determine the overall flexural displacements (u, v) and the 
twist rotation (ϑ). The calculations for u, v, and ϑ are set out in Appendix B. 
 
A 250kN Material Testing System (MTS) servo-controlled actuator ram was used to load the 
upright. The tests were displacement controlled (as opposed to load controlled) to allow post-
ultimate displacements to be captured. Both the load and the stroke (vertical displacement of 
the crosshead) were recorded at 1 second increments using the same data logging equipment 
used to record the mid-height displacements. The stroke was manually increased, therefore 
the stroke rate varied throughout the test. 
 
The initial increments of displacement of the uprights were increased until the load 
incremented by approximately 10kN. After each increment, the load was held for a sufficient 
time to allow for inelastic stress redistribution through the member. Once it was obvious that 
the upright was reaching its ultimate load, the load increments were reduced and the length of 
time held between increments was increased (minimum 2 minutes) until the applied load and 
displacements were stationary. The load was removed after excessive flexure or post-
buckling failure had occurred. 
 
3.1.4 Results 
 
The ultimate dynamic and static loads Pu,d and Pu,s respectively were extracted from each test 
and are shown in Table 3. The static ultimate load is the maximum load obtained after the test 
had been paused and the upright had reached a state of static equilibrium. The displacements 
of the principal axes (u, v and ϑ) were calculated at mid-span and plotted against the load. 
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Typical load-displacement (rotation) graphs for a 1350-test can be seen in Figure 5 to Figure 
7. 
The failure mode observed in the 90mm wide x 2.4mm lipped uprights were generally 
flexural buckling for the 1350mm and 1950mm long uprights and combined flexural-
torsional buckling for the longer 2550mm and 3150mm long uprights. For singly-symmetric 
shapes such as this upright, where the shear centre and the centroid do not coincide, flexural-
torsional buckling is usually the critical overall buckling mode for the down-aisle direction. 
The common buckling modes of pallet racking uprights are shown in Figure A9. Figure A10 
shows the flexural-torsional buckling of the upright during the test. The upright specimen 
appeared to unload elastically, however there was some permanent deflection in the upright 
which is shown in Figure A11. 
 
Typical load versus displacement curves for the 1950-, 2550- and 3150- tests are shown in 
Figure A12 to Figure A20. 
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Figure 5 – Typical Load vs Displacement (u) Curve 
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Load Vs Displacement v - 1350 Test #5
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Figure 6 - Typical Load vs Displacement (v) Curve 
 
 
Load vs Twist ϑ - 1350 Test #5
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Figure 7 – Load vs Twist (ϑ) curve 
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3.2 Tensile Coupon Testing 
 
The minimum yield stress of the uprights guaranteed by the manufacturer is 450MPa, 
although to determine the actual design capacity of the upright members the actual yield 
stress of the tested material was required. Two tensile coupon tests were carried out to 
determine the 0.2% proof stress or the yield stress (fy) of the material in the uprights. The 
representative samples used for the tensile tests are shown in Figure A21. These samples 
were cut from the web of the rolled section (not from the virgin material); therefore some 
residual stress within the member is accounted for. The tensile tests were carried out in 
accordance with AS1391 [31]. 
 
The coupon test rig comprised of an MTS Sintech 65/G testing machine with a 300kN 
capacity load cell as shown in Figure 8. The ultimate tensile stress in the material was 
calculated by dividing the ultimate breaking load by the initial cross-sectional area (Pu/A). 
The base metal thickness was measured after acid-etching the galvanising layer from the steel 
sample. All dimensions were measured using digital Mitutoyo Micrometers with a scale to 
the nearest 0.01mm. A 20mm gauge extensometer was attached to the coupon to measure the 
longitudinal strain (∆Lo/Lo) of the material under uniaxial tensile force. Both the load and 
strain data were recorded simultaneously onto the computer data logger system. 
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The average material properties from the steel coupon tests were calculated and are indicated 
in Table 4 below. The stress strain curve for one of the coupons is shown in Figure 9, with 
the initial elasto-plastic region magnified to demonstrate how the yield stress and Young’s 
modulus were determined.  The material properties derived from the stress-strain curves 
which are of interest are the yield stress (fy), ultimate tensile stress (fu), Young’s Modulus 
(Ε), and ultimate strain (εu). The values indicated in Table 4 were used in the FEA and design 
calculations. 
 
Table 4 – Average Tensile Coupon Test Results (cut from rolled section) 
  
fy        
(MPa) 
fu        
(MPa) 
Ε           
(GPa) 
εu             
(%) 
 Average Tensile Coupon 550 575 225 12.5 
Figure 8 - Coupon Test Setup 
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 32 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
 
 
 
3.3 Stub Column Compression Testing 
 
Tests were carried out on stub columns to determine the maximum axial load to induce local 
buckling of the uprights and to observe the influence of perforations. Three stub columns 
were tested, each with a total length of approximately 375mm which included five pitches of 
the diamond slot perforations. 
 
The base and cap plates were fixed for all translations and rotations other than vertical 
displacement at the top. The specimens were loaded at a rate of 0.1mm/minute using an 
incremental displacement controlled machine (as opposed to load controlled). Figure A22 and 
Figure A23 show the local deformation and distortional buckling of the flanges after the stub 
columns had been loaded. 
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Figure 9 - Stress-Strain relationship for 2.4mm thick rolled section 
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The axial load and stroke (vertical displacement of the crosshead) were recorded for each 
stub column. Figure 10 along with Figure A24 and Figure A25 show the maximum load 
observed for each test. The results of all three stub column tests are also indicated in Table 5. 
 
Table 5 – Ultimate Loads on stub columns 
Sample 
# 
Length 
(mm) 
Ultimate Load 
(kN) Q Factor 
1 373.5 270 0.894 
2 374 273 0.904 
3 373 262 0.867 
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Figure 10 – Stub Column Load Curve 1 (Typical) 
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4 Analysis 
 
A finite element analysis (FEA) was undertaken using Strand7 FEA software [32]. The 
purpose of carrying out a computer analysis was to firstly verify that FEA can be used to 
determine the axial load capacity of light gauge steel storage upright frames and secondly to 
undertake a parametric study of the strength of such frames. The FEA was also used to 
determine the load capacity of single uprights (without frame bracing) to investigate how 
much additional buckling capacity is gained from the discrete torsional restraints provided by 
the bracing. 
 
4.1 Finite Element Model 
 
In most cases in practice, FEA is used when the loading, geometry, material, and/or boundary 
conditions are complex and closed form solutions or direct design provisions are unavailable. 
In some cases a combination or all of these issues may require examination. Professor Becker 
[33] identifies the three main types of non-linear classifications used in FEA engineering as 
material non-linearity, geometric non-linearity, and boundary non-linearity and when they are 
required. For the analysis required in this report all three types of non-linearity may occur at 
the same time whilst the loading is relatively simple. Specifically, the FEA used herein 
accounts for large displacements and material yielding. 
 
4.1.1 Model Geometry and Element Types 
 
The geometry of the finite element model consisted of two 90mm wide lipped uprights with 
K-bracing between, which replicated the experimental tests. The actual dimensions from the 
experimental tests were taken into account, including the 1.5mm milled off at each end of the 
uprights. 
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The uprights were modelled as 4-noded quadratic plate elements (labelled P1 and P2), whilst 
the bracing and bolts were modelled as beam elements (labelled B1 to B4). Refer to Figure 
A26 and Figure A27 for plate and beam labelling diagram. 
 
To model the bracing to upright connections, rigid links were constructed from the nodes at 
the circumference of the bolt hole to a single node at the centroid of the bolt hole. Known as a 
spider web connection due to its web-type appearance, this connection allows the loads from 
the bolt to be distributed evenly to the plates surrounding the bolt (refer to Figure A28). Even 
though there is a small clearance between the bolt and the bolt hole, the bolt nuts are torqued 
up, therefore rotation and bearing of the bolt within the bolt hole is negligible and this 
connection is deemed adequate.  
 
To model the stiff bearing pads at the top and bottom of the upright, rigid links were placed 
from all nodes at the end of the upright to one central node at the pivot points, creating a 
spider web appearance similar to that discussed above. The connection is shown in Figure 
A29 and Figure A30. The central node was given the restraint/freedom boundary conditions 
described previously. With only axial load on the member and no lateral load, friction 
between the bearing pads and the upright member was assumed to be negligible and the 
connection between the upright and the plate was essentially fixed in translation with no 
allowance for torsional warping at the base of the column.  
 
The reason why 4-noded plate elements were used instead of 8-noded elements (which 
generally produce more accurate results) was to eliminate element instability. Using a 
geometric non-linear analysis, 8-noded elements are not ideal when using connections as 
described above because the individual nodes along the side of a single plate element which 
are connected to the stiff links may displace unevenly and cause large distortions or locally 
collapsed plate elements. 
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Additional beam elements labelled in Strand7 [32] as “cutoff bars” were used to model the 
interface between the side flanges of the upright and the web of the bracing member, as 
shown in Figure A29. Cutoff bars have predefined tension and compression limits and in this 
case compression-only cutoff bars were used so that when the upright buckles in a flexural-
torsional mode and the bracing member moves laterally and rotates towards the upright 
flange, the cutoff bar will go into compression and transfer the force into the upright flange. 
If the bracing member moves away from the face of the upright the bar will go into tension 
and since the tension limit is set to zero, the bar will effectively be removed from the 
analysis, creating a gap between the bracing member and the upright flange. 
 
4.1.2 Perforation Details 
 
Perforations such as diamond slots in the web and bolt holes in the flanges are required for 
storage racking to connect down aisle beams and cross-aisle bracing elements. It is important 
in analysing upright frames to model the perforations in the upright as shown from the 
sensitivity studies in Section 4.3. The results from the sensitivity study indicate that the 
ultimate strength from the equivalent thickness method (where perforations are replaced with 
an equivalent thickness of the upright) is approximately 10% greater than the results from the 
analysis which models the perforations in the upright. Figure A31 shows the dimensions of 
the perforations used in the finite element model. 
 
4.1.3 Material and Section Properties 
 
The material and section properties used in the FEA are indicated in Table 6. The unloaded 
upright, bolts and bracing elements were modelled with zero density to replicate the counter-
weight at the top of the unloaded upright in the experimental tests (refer to Figure 3).  
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The cross-section of the upright used in the analysis was simplified by modelling the corners 
by a single straight element but maintaining a continuous thickness of 2.39mm throughout. 
To ensure that the gross cross-sectional area in the FEA model was similar to the cross-
sectional area in the experimental tests, both sections were compared. Figure A26 and Figure 
A32 show the simplified dimensions of the upright section used in the analysis. Figure A33 
shows the mesh descritisation required to accurately model the upright section. The nominal 
cross-section with curved corners and continuous thickness (refer to Figure A34) had a gross 
area, A(g) equal to 655mm2. The simplified section used in FEA (refer to Figure A35) had a 
gross area, A(g) equal to 636mm2. The difference between the two areas is 3%. Other 
comparisons of section properties for these two uprights are calculated to be within 5% of 
each other. The simplified section used in FEA is also within 2.5% of the gross cross- 
sectional area calculated by the manufacturer (refer to Table 1 where A(g) is equal to 
621mm2). 
 
To ensure that the stub column section modelled in the analysis was similar to the actual 
section used in the experimental test, the top and bottom of the stub column was traced onto 
paper and the measurements were entered into Thin-Wall with a nominal thickness of 2.4mm. 
The Thin-Wall analysis results for the two stub column sections are shown in Appendix C.8 
and C.9. The difference between the measured and modelled gross cross-sectional area is 
calculated to be less than 1.5%. 
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Table 6 – Element and Material Properties 
Property 
Label 
Element 
Type Section/Material Properties 
BEAMS 
  
A     
(mm2) 
E   
(MPa) 
Ix           
(mm4) 
Iy       
(mm4) 
J   
(mm4) 
ρ 
(kg/m3) 
B1 Dummy Beams (extruded to create plates for uprights) 
B2 M10 Bolt 78.5 200E3 491 491 982 0 
B3 Cutoff bar 78.5 200E3 (Compression only, Brittle) 0 
B4 
Horizontal & 
diagonal 
bracing 159.8 200E3 50E3 14E3 136 0 
PLATES 
  
A(g) 
(mm2)  
E  
(MPa) 
Poisson's 
Ratio 
Stress vs Strain 
relationship 
ρ 
(kg/m3)  
P1 
Loaded 
upright (LHS) 636 225E3 0.25 Non-linear 7850 
P2 
Unloaded 
upright 
(RHS) 636 225E3 0.25 Linear 0 
LINKS 
L1 Spider webs in bolt hole locations & from ends of upright to centre of pivot points 
 
Sivakumaran and Abdel-Rahman [19], and Leece and Rasmussen [20, 21] showed from their 
research that the yield stress around the corner zones of a steel section is higher than the flat 
zones and the thickness around the corner zones of the section is generally less than in the flat 
zones. Since it is difficult to determine the actual values of the yield stress and thickness at 
the corners, and for modelling simplicity, this analysis assumes that the thickness is 
continuous throughout the section and the corner zones have the same stress-strain 
relationship as the flat sections. The reduced thickness in the corner zones is the reason why 
the cross-section with curved corners and continuous thickness which is based on the 
manufacturer’s dimensions (refer to Figure A34) has a higher area than that calculated by the 
manufacturer (refer to Table 1). 
 
The non-linear stress-strain curve used to model the material behaviour of the upright is 
shown in Figure 11. Refer to Section 3.2 for information on how the test data for this curve 
was obtained.  
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Figure 11 - Non-linear material stress-strain curve (fy=550MPa) 
 
4.1.4 Restraints and Freedom Conditions 
 
The rotational restraints at the ends of the uprights were positioned at the pivot point 
locations in the experimental tests. This was at a distance to the top and bottom ends of the 
uprights equal to 50mm and 60mm respectively. Similar to the experimental restraints, the 
upright was free to rotate at each end about the global x-axis. Figure A27 shows the typical 
elevation geometry and indicates the restraints and freedoms. 
 
The freedom conditions were set to allow the top of the loaded upright to displace in the –ve 
Z direction by 0.05mm multiplied by the freedom factor in the non-linear load combination 
(refer to Section 4.1.5). This allowed the load in the analysis to replicate the displacement-
controlled method carried out in the experimental testing. 
 
The connection between the bracing and the upright was modelled by including rotational 
end releases in the vertical and horizontal directions (shown as axis 1-1 and axis 2-2 in Figure 
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A28) at the ends of the bracing. This allowed the bracing to rotate freely over the bolted 
connection. The longitudinal direction (axis 3-3) was fixed in rotation such that the bracing 
members could not twist at the ends. A similar end release is given to the connection between 
the bolt and the bolt hole where the rotation is fixed in the bolt’s axis (3-3) to replicate the 
torqued nut and bolt behaviour. Figure A28 and Figure A29 show the end release detail at 
these two connection points. 
 
4.1.5 Loading 
 
To replicate the loading method used in the experimental tests, the position of the load was 
offset from the centreline of the upright in the global y-direction by L/1500 (refer to Figure 
A30). To model the stiff bearing plates, rigid links (labelled L1) were constructed from every 
node at the end of the upright to a single node at the location of the end restraint. The 
connection of the links to the plate elements was rigid, therefore the plate could not rotate 
about the link.  
 
The displacement-controlled technique which was adopted for this analysis considered a 
displacement increment equal to 0.05mm multiplied by the freedom case factor. This was 
applied to the upright by allowing the freedom restraint condition at the load position to move 
in the -Z direction by 0.05mm. The non-linear solver allows this freedom condition to be 
multiplied by a user-defined factor for each increment. The displacement factors used in this 
analysis are similar to those indicated in Table 7. 
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Table 7 - Forced-displacement table 
Increment 
# 
Freedom Case 
Factor 
Total Displacement 
(mm) 
1 0.0001 5.00E-06 
2 2.50 0.125 
3 5.00 0.250 
4 7.50 0.375 
5 10.00 0.500 
to 40 
Continue increasing the freedom case factor 
until the load vs displacement curve captures 
sufficient data points to create a smooth curve 
and/or until the displacement no longer causes 
an increase in load (column buckling). 
Approximately 40 displacement increments 
are required to generate accurate results. 
 
 
 
4.2 Comparisons to Experimental Testing 
 
4.2.1 Upright Frame Tests 
 
The displacements of the principal axes (u and v) were extracted from the analyses at mid-
height along the loaded upright and plotted against the applied load. Note that the LVDTs 
which measured the displacement of the upright in the experimental testing were also placed 
at mid-height. The displacements (u, v) and the twist rotation (ϑ) from the analysis of the 
four upright lengths are compared with the experimental results and shown in Figure 12 to 
Figure 14 for 2250mm long upright tests and in Figure A36 to Figure A44 for 1350mm, 
1950mm and 3150mm long upright tests. 
 
The buckled shape of the 1350 long and 3150 long rack frames at the point of maximum load 
capacity are shown in Figure 15. The dark blue contours indicate small stresses within the 
material, while the light pink contours indicate stresses close to or at the ultimate tensile 
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stress of the material (575MPa). From the FEA images in Figure 15 it is clear that at the 
upright’s ultimate load, the shorter upright has a greater area of high stresses within the 
member, and the longer upright displaces sideways and twists more with less overall highly 
stressed regions. This indicates that the buckling mode of the shorter upright is lateral-
torsional buckling influenced by distortional buckling of the inside flange (flange which is 
highly stressed), and the buckling mode of the longer upright is simply flexural-torsional. The 
plan views in Figure 15 show the buckling shape of the loaded upright members.  
 
The stress contours around the perforations (diamond slots and bolt holes) at ultimate load are 
shown in Figure 16. Stress contour plots are relatively simple to extract from the FEA 
program and can be very edifying when examining the load path through the upright.  
 
Figure A45 shows the behaviour of the long and short uprights by cutting a section through 
the mid-height of the upright. A greater magnitude of lateral displacement and twisting of the 
upright can be observed in the longer upright. In the shorter upright, distortional buckling of 
the inside flange can be seen to begin to interact with the lateral-torsional buckling mode at 
advanced deformation. However the magnitude of distortion appears to be very small at the 
ultimate load and so the effect of mode interaction on the load capacity of the upright would 
be negligible. 
 
Table 8 compares the experimental results with results from the analysis using FEA. Two 
cases were analysed; one where the loaded upright is part of a braced frame arrangement 
similar to the experimental tests, and one where only a single upright (without frame bracing) 
is loaded. For the 1350mm long uprights, the experimental results are about 13% less than the 
maximum load with frame bracing using FEA. This appears to be a poor result, but as 
discussed in Section 4.3, the lower than expected experimental result for the shorter uprights 
was most likely due to the difficulty involved in accurately measuring the small eccentricity 
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(1mm) of the applied load. When comparing the experimental and FEA (with frame bracing) 
results in Table 8, the results for the other three upright lengths were very similar (less than 
5% difference) which indicates a high level of accuracy in the FEA results. Other factors 
which may have contributed to the small discrepancy in the results are imperfections other 
than crookedness, and variation in section geometry. For example, one upright section that 
was measured had a rear flange stiffener (lip) which was more than 2mm longer than the 
opposite lip (refer to ThinWall section in Appendix C4). 
 
Table 8 - FEA results for 90x2.4 lipped uprights compared to experimental 
 
 
 
 
 
 
 
 
 
 
 
The experimental and FEA displacements and twist rotations of the upright in the u, v, and ϕ 
directions (refer to Appendix B: Displacement Calculations) are represented graphically 
against the applied load in Figure 12, Figure 13 and Figure 14 for the 2550mm long upright 
frame. As previously indicated, Figure A36 to Figure A44 show the experimental/FEA 
comparisons for the other three upright frame heights.  
 
The FEA displacement in the u direction and the degree of twist in the upright are consistent 
with the experimental results over the full range of loading for each frame height, but the 
displacement in the v direction does not compare as well. The FEA results indicate the 
displacement in the v-direction is less than 1mm, whereas the experimental results indicate a 
displacement in the same direction of 4-7mm. The displacement in the v-direction would be 
expected to be very small since the restraints at the ends of the uprights are fixed in rotation 
  Experimental FEA 
Nominal 
Upright 
Length Ls,n 
(mm) 
Nominal 
load 
eccentricity 
e (mm) 
Average 
ultimate 
static load 
Pu,s (kN) 
Ultimate load 
(frame bracing as 
per experimental 
test) (kN) 
Ultimate load 
(single upright 
only, no frame 
bracing) (kN) 
1350 1.0 189.0 213.4 210.8 
1950 1.4 144.0 150.3 143.4 
2550 1.8 103.0 107.4 95.6 
3150 2.2 89.0   89.7 68.0 
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about the y-axis (bending in the v direction). From these comparisons, the FEA results appear 
to be more consistent with expectations. It is possible that the experimental test set-up did not 
provide full restraint against rotation about the y-axis, although y-axis rotations were not 
apparent in the tests. At this stage, the reason for discrepancy between the experimental and 
numerical v-displacements is not fully understood. 
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Figure 12 - Load vs Displacement (u) comparison 
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Load vs Displacement v - 2550 Test #1
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Figure 13 - Load vs Displacement (v) comparison 
 
 
 
 
Load vs Twist ϑ - 2550 Test #1
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Figure 14 - Load vs Twist (ϕ) comparison 
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Figure 15 - Buckled shapes and mid-plane von Mises  
stress contours in the loaded uprights at ultimate load 
 
 
 
 
 
 
 
 
 
 
 
 
 
Plan view of 
buckled shape 
1350 long 
upright 
3150 long 
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Plan view of 
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Figure 16 – Mid-plane von Mises stress contours around perforations at mid-height of loaded upright 
 
 
4.2.2 Stub Column Tests 
 
FEA was undertaken to determine the load capacity of the stub columns. Currently, according 
to national standards for rack structures, the load capacity can only be determined through 
physical experimental testing. The main aim of applying load to the stub column was to 
determine the ultimate axial strength on short columns with the effects of the perforations 
taken into consideration.  
 
1350 long 
upright 
Stress contours 
around the 
diamond slots in 
the web 
Stress contours 
around the bolt 
holes in the 
flange 
3150 long 
upright 
Stress contours 
around the bolt 
holes in the 
flange 
Stress contours 
around the 
diamond slots in 
the web 
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The results from the analysis are shown in Figure 17, and compared with the stub column 
results of the experimental tests. The ultimate loads are similar (approximately 3% higher in 
the analysis). This indicates that the FEA model is representative of the upright in terms of 
material properties, section properties, and perforation details. The major difference in the 
results is the initial slope of the curve. The initial slope is a function of the external stroke 
along the longitudinal axis which is the vertical displacement of the specimen in the analysis. 
In the experimental tests, the external stroke is approximately 1.5mm more at the ultimate 
load and this additional displacement may be due to additional contributions from the 
bending of the cross-head beam in the test rig and also the compression of the end bearings 
and the loading platens. To ensure the results of the analysis are accurate, the original mesh 
(used for upright frame comparisons) was subdivided by 8 elements in each direction of the 
plate axes to increase the mesh density. This allowed for the local buckling mode to be 
captured within the plate elements and ensured that the displacements were calculated 
accurately. 
 
Figure 18 shows the stress contours at the ultimate load and the buckled shape. The stresses 
in Figure 18 are limited to the yield stress of the material (550MPa). The bold white contours 
indicate regions of localised yielding (stresses greater than 550MPa). These high stress 
regions are the first to experience local buckling. The stresses in Figure A46 are limited to the 
ultimate tensile stress of the material (575MPa). The bold pink contours (stresses between 
550MPa and 575MPa) indicate the areas in which the stub column has buckled. The reason 
why the analysis curve stops at the ultimate load is because convergence problems were 
encountered at, or very close to, the ultimate load. The post-ultimate behaviour of the stub 
column could therefore not be captured in the analysis using Strand7 [32]. 
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Figure 17 - Stub column FEA comparison 
 
 
 
 
 
 
 
 
Figure 18 - Stub column yield stress contour and buckling shape 
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4.3 Sensitivity studies 
 
Sensitivity studies were undertaken to investigate the likely causes of the discrepancies 
observed between the experimental and analytical results, particularly for the 1350mm 
upright frame. 
 
As seen in Section 4.2, the FEA results were very similar to the experimental, however there 
could have been inaccuracies in the experimental set-up especially when measuring the load 
eccentricity (L/1500) for the smaller upright lengths. When measuring the eccentricity, a 
scale ruler was used which measured to the nearest millimeter therefore the error could have 
been up to ±0.5mm. Since the 1350mm long uprights had a measured eccentricity of 1mm, it 
is quite possible that larger eccentricities, say 1.5mm to 2.0mm existed in the experimental 
tests.  
 
Figure 19 and Figure 20 show the FEA results of displacement u and twist ϕ when the 
eccentricity is doubled (ecc=2mm) for the 1350mm long frames. The pink line shows the 
FEA results for a load eccentricity of 1mm, and the yellow line is for a load eccentricity of 
2mm. The experimental result remains as the dark blue line. It can be seen that when the 
eccentricity is doubled, the FEA results merge towards the experimental results. The same 
procedure was carried out for the 1950mm long uprights and shows similar results. 
 
The effect of the bracing positions in relation to the side flanges of the upright was also 
examined. Figure A47 shows the bracing arrangement similar to the experimental tests, while 
Figure A48 shows the bracing orientation swapped around. The results of this sensitivity test 
are shown in Figure 19 and Figure 20 for 1350mm long uprights and Figure A49 and Figure 
A50 for 3150mm long uprights. For the 1350mm long and 2550mm long uprights there was 
no difference in the results which is likely due to the symmetry of the frame with respect to 
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the horizontal plane, through the mid-height of the frame. For the 1950mm long and 3150mm 
long uprights, which are not symmetrical, the bracing position makes a small difference to the 
ultimate load capacity (3-4%). The FEA results where the bracing is swapped around are 
used to compare the remaining sensitivity studies and comparisons. 
Table 9 - Comparison when the bracing orientation is swapped around 
Ultimate Load from FEA 
Nominal        
Frame Height       
(mm) 
Bracing as per 
experimental tests 
(Figure A47) 
Bracing swapped 
around           
(Figure A48) 
1350 213.4 213.4 
1950 150.3 156.6 
2550 107.4 107.4 
3150 89.7 86.8 
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Figure 19 - Sensitivity of eccentricity and changes to bracing arrangement 
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Load vs Twist ϑ - 1350 Test #5
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Figure 20 - Sensitivity of eccentricity and changes to bracing arrangement 
 
A separate sensitivity study was undertaken to check that the number of plate elements (mesh 
density) within the model is sufficient for the analysis to accurately determine the forces and 
reactions within the uprights. The mesh density was quadrupled by subdividing each plate 
element into 4 elements, and the results were compared. Figure A51 to Figure A54 show that 
the results are very similar, with a difference in ultimate load of less than 2%. The current 
mesh is therefore deemed adequate for this analysis. Note that the computer time to solve the 
non-linear problem is around 15 times longer when the mesh is quadrupled since the number 
of simultaneous equations to solve is almost quadrupled. 
 
To ensure that the worst case bracing arrangement was tested, a sensitivity study was 
undertaken by placing the axial load on the opposite upright as shown in Figure A55 and 
Figure A56. 
 
Table 10 indicates that by loading the opposite upright to the one loaded in the experimental 
tests, the ultimate load was similar or greater. From this sensitivity study we know that the 
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worst case upright was loaded in the experimental tests. Similar results occur for the 1950mm 
long and 3150mm long uprights, which is to be expected since these upright frames have the 
same number and position of the bracing connection points along the loaded and unloaded 
uprights. This means that the two uprights have the same effective lengths Lex, Ley, and Lez. 
 
Table 10 - Comparison when opposite upright is loaded 
Ultimate Load from FEA 
Nominal        
Frame Height       
(mm) 
Bracing swapped 
around (Figure 
A48)  
Opposite upright 
loaded (Figure 
A55) 
1350 213.4 224.9 
1950 156.6 156.1 
2550 107.4 118.7 
3150 86.8 86.7 
 
 
Previous studies [16] have shown that the perforations do not need to be modelled and may 
be replaced by plates with a reduced thickness such that the total volume is equal. This 
method is known as the “equivalent thickness method”. Figure A57 and Figure A58 show 
that the equivalent thickness method provides a less conservative ultimate buckling load for 
the 1350mm upright frame. 
 
A sensitivity study was also undertaken to compare linear versus non-linear analysis for both 
material and geometric non-linearity. Figure A59 to Figure A62 show these relationships. As 
expected, the geometric and material non-linear analysis is required to generate valid results 
for this type of problem. 
 
Since current design methods appear to be too conservative when calculating the discrete 
torsional restraints provided by the bracing, FEA was undertaken to compare the buckling 
capacity of the uprights with bracing and without bracing. Figure A63 to Figure A66 show 
the extent of additional capacity provided by the bracing elements. For the smaller length 
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uprights, the bracing members have little effect on the upright capacity. This may be due to 
the fact that there is only one brace connected at the top and bottom of the 1350 long upright. 
For longer frames where the bracing is connected to the loaded upright a multiple number of 
times along the length of the member, the loaded uprights have a significantly greater axial 
capacity. Figure 21 clearly indicates the extent to which the frame bracing increases the 
ultimate strength of the upright as its length of the loaded upright increases. The data in 
Figure 21 was produced from the results indicated in Table 8. 
 
Ultimate strength increase as upright length increases
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Figure 21 - FEA results indicating additional capacity from bracing over a range of upright lengths 
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5 Design 
 
This Section will explain how to use the results from the experiments, FEA and standard 
design methods to produce column curves. The results from all three approaches are 
compared in this Section. 
 
5.1 FEM Column Curve 
 
The FEM Code [2] sets guidelines for deriving column curves which relate the down-aisle 
buckling load factor to the slenderness of the upright. As indicated in the FEM Code [2], the 
column curve takes into account the out-of plane buckling effects and the torsional restraint 
provided by the bracing. The column curve is derived from the results in the frame bracing 
tests described in Section 3.1, where no account is made for the common situation where an 
additional restraint to the column is provided by a pallet support beam in the down-aisle 
direction. Therefore, the column curve may to some extent be conservative. 
 
To produce a column curve, an extensive amount of experimental work would be required 
over a range of upright lengths to determine the ultimate strengths. It can be demonstrated in 
this thesis that all experimental work (except for tensile coupon tests) can be replaced with 
FEA to determine the ultimate strengths of the uprights. 
 
To derive the column curve for the experimental tests, the axial capacities determined from 
the upright frame compression tests and stub column tests in Sections 3.1 and 3.3 respectively 
are used. Section 5.4.5 of the FEM Code [2] sets out the procedure as follows: 
(i) The non-dimensional slenderness ratio niλ  is calculated as: 
( )212 / y
ni
ni
fEpi
λλ =
       (3) 
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where the slenderness ratio (based on the gross cross section) corresponding to the observed 
failure load, 
x
ni
ni
r
L
=λ
 generally and 
x
ni
ni
r
L 2/
=λ
 for stub columns due to the fixed-ended 
conditions when tested. niL  is the measured length of upright for test number i, and xr  is the 
radius of gyration for buckling about the x axis, 
)(g
x
x A
I
r = . 
 
000,225=E MPa as indicated in the tensile coupon test results 
450=yf MPa nominally 
5.33=xr mm for the tested rack uprights  
 
(ii) To take into account the actual thickness and yield stress of the test sample, the 
adjusted failure load niR  for test number i is calculated as: 
 
β
α






=
t
tini t
tCRR
       (4) 
 
 
in which,   





=
t
y
f
f
C  for 2.00 ≤≤ niλ ; or 
 
( )
3.1
5.12.0 





−+−
=
ni
t
y
ni f
f
C
λλ
 for 5.12.0 ≤≤ niλ ; or 
 
0.1=C  for niλ≤5.1 , 
 
and where, =tiR  the observed failure load (Pu,d) for test number i 
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t  and tt  are the nominal and measured thickness (without galvanising 
layer) which equal 2.40mm and 2.39mm respectively 
yf  and tf  are the nominal and measured yield stresses which equal 
450MPa and 550MPa respectively 
0.1=α  when ty ff <  
0.1=β  when ttt ≥  
 
(iii) The stress reduction factor niχ  is calculated as:  
 
yg
ni
ni fA
R
=χ ,        (5) 
 
where 621=gA mm
2
 for the tested rack uprights. 
 
(iv) niχ  is plotted against niλ . 
 
(v) The FEM code [2] allows the designer to choose a suitable expression for cuχ  to 
represent a line of best fit for niχ . This curve should be asymptotic to the elastic 
buckling curve, 2
1
niλ
χ = . For the column curves derived in this study the 
following equations were used to determine cuχ : 
 
Krcu =χ         (6) 
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in which  ( ) 0.1
1
2
1
22
≤
−+
=
ni
K
λϕϕ
, 
 
 
and where stubnir .χ=  for 2.0≤niλ ; 
 
( )





−




 −
+= 2.0
3.1
1
.
. ni
stubni
stubnir λ
χχ  for 5.12.0 ≤< niλ ; or 
 
0.1=r  for 5.1≥niλ , 
 
and where,  ( )( )215.0 nini λβλαϕ χχ +−+=  
where χα  is the smallest value such that the average value of 
cu
ni
χ
χ
 is equal to 1.0, χβ  is 
equal to the estimated niλ  value when the horizontal component of the column curve 
intersects the curved component, and stubni.χ  is the average value of niχ  for the stub 
column tests. In the experimental tests, 068.1=χα , 40.0=χβ ,  and 789.0. =stubniχ . 
 
(vi) The unadjusted characteristic value of the stress reduction factor χ ′  is then 
calculated as: 
 
( )skscu −=′ 1χχ        (7) 
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where 99.1=sk  for 15 test results (including the stub column tests) as given in Table 
5.1.2 of the FEM Code [2], and s  is the standard deviation of the calculated 
cu
ni
χ
χ
 values; 
i.e. s = 0.067 for the tested uprights, as shown in Table 11. 
 
(vii) The effective area effA  is then calculated as: 
 
egeff AA χ ′=         (8) 
 
where eχ ′  is the value of χ ′  for the stub column tests; i.e. eχ ′  = 0.684 for the tested 
uprights, as shown in Table 11. 
 
(viii) The characteristic value of the stress reduction factor χ  is calculated as:  
eff
g
A
Aχχ ′=
        (9) 
  
( )
eff
g
scu A
A
sk−= 1χ
 
for values of  λ  given as: 
2
1








=
g
eff
ni A
Aλλ
              (10) 
 
(ix) To use the column curve in practice, the ultimate load Pu is calculated as: 
 
yeffu fAP χ=                (11) 
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where   
( )
eff
g
scu A
A
sk−= 1χχ ; 
Krcu =χ  
( ) 0.1
1
2
1
22
≤
−+
=
λϕϕ
K
 
 
stubnir .χ=  for 2.0≤λ ; 
( )





−




 −
+= 2.0
3.1
1
.
.
λχχ stubnistubnir  for 5.12.0 ≤< λ ; or 
0.1=r  for 5.1≥λ . 
( )[ ]215.0 λβλαϕ χχ +−+= ; 
and 
( )
2
1
2
1
2 /








=
g
eff
y
A
A
fEpi
λλ
 
xr
L
=λ
 
for given values of L , xr , gA , effA , yf , E , stubni.χ , χα , χβ , sk , s ,   
 
The values calculated to produce the column curve for the experimental tests are indicated in 
Table 11. 
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niL tiR Cniλ cuχniRniλ niχ
cu
ni
χ
χ χ ′ χλ
Table 11 - Values used in the experimental column curve 
 
             
 
  Specimen 
(mm) (kN)       (kN)             
Stub col 1 374 270 5.6 0.079 0.82 222 0.794 0.789 1.006 0.684 0.066 1.000 
Stub col 2 374 273 5.6 0.079 0.82 224 0.803 0.789 1.017 0.684 0.066 1.000 
Stub col 3 373 262 5.6 0.079 0.82 215 0.770 0.789 0.976 0.684 0.066 1.000 
1350_3 1457 187 43.5 0.619 0.88 165 0.589 0.645 0.914 0.559 0.512 0.817 
1350_4 1457 184 43.5 0.619 0.88 162 0.580 0.645 0.899 0.559 0.512 0.817 
1350_5 1457 191 43.5 0.619 0.88 168 0.602 0.645 0.933 0.559 0.512 0.817 
1950_1 2058 149 61.4 0.875 0.91 137 0.489 0.483 1.012 0.418 0.723 0.612 
1950_2 2058 146 61.4 0.875 0.91 134 0.479 0.483 0.992 0.418 0.723 0.612 
1950_3 2058 146 61.4 0.875 0.91 134 0.479 0.483 0.992 0.418 0.723 0.612 
2550_1 2658 108 79.3 1.129 0.95 103 0.368 0.368 1.001 0.319 0.934 0.466 
2550_2 2658 103 79.3 1.129 0.95 98 0.351 0.368 0.955 0.319 0.934 0.466 
2550_3 2658 105 79.3 1.129 0.95 100 0.358 0.368 0.973 0.319 0.934 0.466 
3150_1 3258 89 97.3 1.384 0.98 88 0.315 0.288 1.092 0.250 1.145 0.365 
3150_2 3258 89 97.3 1.384 0.98 88 0.315 0.288 1.092 0.250 1.145 0.365 
3150_3 3258 93 97.3 1.384 0.98 92 0.329 0.288 1.141 0.250 1.145 0.365 
Average 1.000   
Standard Deviation 0.067   
 
The FEM column curve for the experimental results is shown in Figure 22, where cuχ  is 
plotted against niλ . Note that the initial flat part of the curve is not equal to the Q factor. The 
Q factor is generally higher since it takes into account the minimum net area, and is 
calculated using the following equation: 
 
tnet
stubti
fA
RQ
min
.
=                (12) 
 
where stubtiR .  is the observed failure load from the stub column compression test, and tf  is 
the measured yield stress from the tensile coupon test. The average calculated Q factor for the 
9024 uprights is 0.888. 
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}
}
FEM Column Curve for Experimental Results - 9024 Uprights
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Figure 22 - Experimental column curve plot 
 
The column curve derived from the FEA results follows the same procedure as that outlined 
in steps (i) to (ix) above, except that the following values are used: 
 
• 6.32=xr mm 
• 636=gA mm
2
 
 
• 97.0=χα                   
• 41.0=χβ             
• 10.2=χα  
• 47.0=χβ             
• 798.0=stubχ  
• 64.1=sk  for an infinite number of test results 
 
when bracing is excluded in the analysis 
when bracing is included in the analysis 
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cu
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χ
χ χ ′ χλ
niL tiR Cniλ cuχniRniλ niχ
cu
ni
χ
χ χ ′ χλ
The values calculated to produce the column curve for the FEA analysis with and without 
bracing are indicated in Table 12 and Table 13 respectively. The corresponding column 
curves are plotted in Figure 23 and Figure 24. To compare the results, all curves are plotted 
together in Figure 25. 
 
Table 12 - Values used in the FEA column curve (with bracing) 
 
                Specimen 
(mm) (kN)      (kN)            
Stub col 374 278 5.7 0.082 0.82 228 0.798 0.798 1.000 0.734 0.070 1.000 
1350 1457 213 44.7 0.636 0.88 188 0.658 0.676 0.974 0.622 0.545 0.847 
1950 2057 150 63.1 0.899 0.92 138 0.483 0.496 0.974 0.456 0.770 0.621 
2550 2657 107 81.5 1.161 0.95 103 0.359 0.371 0.966 0.342 0.995 0.465 
3150 3257 90 99.9 1.423 0.99 89 0.311 0.287 1.084 0.264 1.219 0.360 
Average 1.000   
Standard Deviation 0.049   
 
Table 13 - Values used in the FEA column curve (without bracing) 
 
 
 
                Specimen 
(mm) (kN)       (kN)             
Stub col 374 278 5.7 0.082 0.82 228 0.798 0.798 1.000 0.705 0.068 1.000 
1350 1457 211 44.7 0.636 0.88 173 0.605 0.574 1.055 0.507 0.534 0.719 
1950 2058 143 63.1 0.899 0.92 118 0.412 0.384 1.073 0.339 0.754 0.481 
2550 2658 96 81.5 1.161 0.95 79 0.274 0.281 0.976 0.248 0.974 0.352 
3150 3258 68 99.9 1.423 0.99 56 0.195 0.218 0.894 0.193 1.194 0.274 
Average 1.000   
Standard Deviation 0.071   
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FEM Column Curve for FEA Results - 9024 Uprights
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Figure 23 - FEA column curve plot (frame bracing included) 
 
 
 
FEM Column Curve for FEA Results - 9024 Uprights
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Figure 24 - FEA column curve plot (single upright only) 
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FEM Column Curve - Comparison Plot for 9024 Uprights
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Figure 25 - FEM column curve comparison plot 
 
When comparing the curves, Figure 25 shows that the values for FEA (bracing included) are 
slightly higher in load capacity than the experimental values for columns of intermediate 
slenderness. As previously explained, the differences may be largely due to the inaccuracies 
when measuring the eccentricity of load in the experimental testing whereas the load 
eccentricities in the FEA are accurate. As shown in the sensitivity studies carried out in 
Section 4.3, a fraction of a millimetre of additional load eccentricity when testing the shorter 
uprights can make a significant difference to the axial capacity of the upright. The shorter 
uprights, which fail inelastically, are affected more than the longer uprights which fail, 
essentially, elastically. It should also be noticed that considering the additional eccentricity 
(which relates to a bending moment) as a percentage, a half a millimetre increase in 
eccentricity for the 1350mm long uprights relates to a 50% (1.5/1.0) increase in bending 
moment whereas a half a millimetre increase in eccentricity for the 3150mm long uprights 
relates to only 23% (2.7/2.2) increase in bending moment. The shorter uprights are therefore 
more sensitive to small deviations in eccentricity from the nominal values. 
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5.2 Design Capacities to AS/NZS 4600:2005 
 
The Australian and New Zealand Standard AS/NZS 4600:2005 [1] sets guidelines for the 
design of cold-formed steel sections. The maximum axial capacities of the uprights were 
calculated using the design formulas in AS/NZS 4600:2005 for the upright lengths indicated 
in Table 14. For comparison purposes, the calculated design capacities do not incorporate the 
design capacity factor (φ). These capacities were then compared with the results from using 
FEA. The comparison between the two methods is indicated in Table 15 and shown 
graphically in Figure 26. 
 
Table 14 - Effective lengths of 9024 uprights 
Length Effective Lengths 
L (mm) Lex (mm) Ley (mm) Lez (mm) 
375 187.5 187.5 187.5 
1460 1460 748 675 
2060 2060 829 975 
2660 2660 896 1275 
3260 3260 1037 1575 
 
The effective lengths for the 375mm long stub columns were calculated as Lex=Ley=Lez=L/2 
where L is the total length of the upright between the fixed-ended bearing plates. 
 
The effective length of the longer uprights for bending about the x-axis (Lex) was calculated 
as the total distance L measured from centre to centre of the pivot points at the top and 
bottom supports in the experimental upright frame tests.  
 
The effective length of the longer uprights for bending about the y-axis (Ley) was calculated 
by undertaking a 2D linear buckling analysis of the upright frame. The equation used to 
determine the effective length is the common Euler’s buckling equation, re-arranged as 
follows, 
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E
y
ey P
EI
L
2pi
=               (13) 
where PE is the critical buckling load obtained from the buckling analyses. The buckling 
shapes and values of PE for each upright are shown in Figure A67. 
 
The effective length of the longer uprights in torsion (Lez), where warping at the ends of the 
upright is restrained, is taken as 0.5xLs,m, where Ls,m is the measured length of the upright 
between the end bearing plates. Since the unloaded upright is not fixed to the ground in the 
experimental tests, the bracing will not provide full torsional restraint to the loaded upright, at 
the bracing points.  
 
It is noted that the recommended effective length factor for torsional buckling indicated in 
AS4084:1993 [25] can be taken as 0.8 provided that the connection details between the 
uprights and the braces are such that the twisting of the upright is prevented at the brace 
points. An additional design curve for Lez = 0.8xLs,m is shown in Figure 26 to represent 
AS4084:1993 [25] recommendations. This curve should not be used to compare the design 
capacities to the experimental testing and/or FEA undertaken in this thesis, because, as 
previously explained, the theoretical effective length for the tested uprights where warping at 
the ends of the upright is restrained is 0.5xLs,m. 
 
Table 15 - Comparing AS/NZS4600 to FEA (frame bracing included) 
Length Axial compression capacity (kN) 
L (mm) 
FEA 
(bracing 
included) 
AS/NZS 4600:2005 
(Lez = 0.5xLs,m) 
Additional 
capacity 
AS/NZS 4600:2005 
(Lez = 0.8xLs,m) 
Additional 
capacity 
375 279 271 3% 271 3% 
1460 213.4 194 10% 143.4 49% 
2060 156.6 133.2 18% 78.5 99% 
2660 107.4 83.7 28% 49.8 116% 
3260 86.8 57.2 52% 35.4 145% 
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Comparing FEA with AS/NZS4600:2005 - 9024 Uprights
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Figure 26 - Comparing AS/NZS 4600 to FEA results 
 
The solid line in Figure 26 is for FEA results where frame bracing is included in the analysis, 
similar to the experimental test set-up. The dot-dashed line is for FEA results where the 
capacity of the upright without frame bracing is investigated. This set of results was 
undertaken to find out how much additional buckling capacity is gained from the bracing 
restraints. The dashed line and the dotted line are the design strength values where the upright 
capacities have been calculated in accordance with AS/NZS 4600 [1] with a torsional 
effective length Lez = 0.5xLs,m and Lez = 0.8xLs,m respectively. 
 
Figure 26 indicates that the capacity of uprights longer than 1500mm are at least 10% higher 
for the FEA analysis results (frame bracing included) than the results using AS/NZS 4600. 
For uprights greater than 3000mm, Figure 26 indicates that the capacity of the uprights is up 
to 50% greater for the FEA analysis. Section 6 compares the differences between FEA and 
AS/NZS 4600 [1] in more detail using column curves for 1.9mm thick uprights. In Section 6, 
conclusions are made regarding the applicability of using AS/NZS 4600 [1] to determine the 
upright capacity. 
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6 Analysis of upright sections using FEA 
 
In this section the column capacities have been determined by using FEA only, without any 
experimental testing. The upright used in the analysis is a Dematic 90mm wide x 1.9mm 
nominal thickness (provided by manufacturer). This upright has a thinner gauge then what 
was tested previously, however the general dimensions of the cross-section and the upright 
frame geometry is the same as the 2.4mm thick uprights, used for the experiments detailed in 
Section 3. 
 
6.1 Procedure 
 
Firstly, the upright member was modelled in Strand7 [32] using 4-noded quadratic plate 
elements. For this analysis, the upright is 90mm wide x 1.9mm thick with rear extended 
flanges. The same profile dimensions were used for this section as that for the nominally 
2.4mm thick section as shown in Figure A32, changing only the plate thickness. Figure A68 
shows the simplified cross section used in the analysis, along with the cross sectional 
properties calculated using Strand7 [32]. 
 
Secondly, the non-linear material properties were assigned to the FEA model. These 
properties were manually created by scaling down the stress-strain curve in Figure 9 to 
provide the nominal values of yield stress fy = 450MPa, ultimate stress fu = 500MPa and 
Young’s Modulus E = 200GPa. The stress strain relationship is indicated in Figure 27, with 
the initial linear part of the curve magnified. To design the upright accurately, a tensile 
coupon test of the material would be undertaken to create this curve. 
 
Lastly, the loads and restraints were added, and a non-linear analysis was undertaken for the 
following compression tests: 
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1. Stub column test (375mm long upright) 
2. 1350mm long upright frames (bracing included) 
3. 1950mm long upright frames (bracing included) 
4. 2550mm long upright frames  (bracing included) 
5. 3150mm long upright frames (bracing included) 
 
 
 
Figure 27 - Nominal Material Properties 
 
The results from the non-linear analysis using FEA for the five upright compression tests are 
presented in Section 6.2. 
 
 
6.2 Results 
 
The ultimate loads for the FEA are indicated in Table 16 below. Figure 28 shows the ultimate 
load of the stub column based on the FEA results, whilst Figure 29 and Figure 30 show the 
load-displacement behaviour extracted from the analysis at mid-height of the uprights. 
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Table 16 - FEA ultimate loads 
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Figure 28 - Stub Column FEA result 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  FEA 
Nominal 
Upright 
Length Ls,n 
(mm) 
Nominal 
load 
eccentricity 
e (mm) 
Ultimate 
Load with 
Bracing (kN) 
Ultimate 
Load without 
Bracing (kN) 
1350 1.0 135.2 133.5 
1950 1.4 99.5 96.1 
2550 1.8 70.7 63.7 
3150 2.2   57.3 45.1 
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Figure 29 - Load vs Displacement u - FEA results 
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Figure 30 - Load vs Twist - FEA results 
 
 
 
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 73 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
The procedure to derive the column curves was the same as that explained in Section 5. The 
effective lengths used to determine AS/NZS 4600 [1] load capacities for the 9019 uprights 
are the same as those used for the 9024 uprights shown in Table 14. The buckling mode 
shapes and buckling loads obtained from a linear buckling analysis are shown in Figure A69. 
Table 18 below gives the comparison between the capacities calculated using AS/NZS 4600 
[1] for Lez = 0.5xLs,m to that from FEA. Additional design capacities for Lez = 0.8xLs,m are 
shown in Table 18 and Figure 31 to represent AS4084:1993 [25] recommendations, but, as 
explained in Section 5.2, these values should not be used for comparing the design capacities 
to the experimental testing and/or FEA undertaken in this thesis. 
 
Table 17 - Effective Lengths of 9019 uprights 
Length Effective Lengths 
L (mm) 
Lex 
(mm) 
Ley 
(mm) 
Lez 
(mm) 
375 187.5 187.5 187.5 
1460 1460 748 675 
2060 2060 822 975 
2660 2660 883 1275 
3260 3260 1025 1575 
 
 
Table 18  - Comparing AS/NZS4600 to FEA (bracing included) 
Length Axial compression capacity (kN) 
L (mm) 
FEA 
(bracing 
included) 
AS/NZS 4600:2005 
(Lez = 0.5xLs,m) 
Additional 
capacity 
AS/NZS 4600:2005 
(Lez = 0.8xLs,m) 
Additional 
capacity 
375 181.7 177.4 2% 177.4 2% 
1460 135.2 130.1 4% 97.7 38% 
2060 99.5 91.7 9% 54 84% 
2660 70.7 58.4 21% 33.7 110% 
3260 57.3 39.7 44% 23.6 143% 
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Figure 31 - Comparing FEA with AS/NZS4600 results 
 
Figure 31 indicates that the capacity of uprights which are 1500mm long are approximately 
4% higher for the FEA analysis (frame bracing included) than the results using AS/NZS 4600 
[1] for Lez = 0.5xLs,m. For uprights greater than 3,000mm long, Figure 31 indicates that the 
capacity of the uprights is up to 40% greater for the FEA analysis.  
 
Figure 32 shows the column curve where the results are non-dimensionalised in accordance 
with the FEM code [2]. The FEA results where the frame bracing is included show higher 
column capacities than the AS/NZS 4600 [1] design code, with the maximum gain in 
capacity for columns of intermediate slenderness. Both curves indicate similar results for 
very stocky columns (initial flat part of the curve), and as the column slenderness increases 
the two curves appear to approach each other as they asymptote to the Euler buckling curve.  
 
For selective pallet racking structures, the effective lengths of the upright are generally 
between 1,000mm and 1,500mm for Lex (distance between the down-aisle beams) and 
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600mm or 1200mm for Ley (distance between the cross-bracing), so most of the uprights used 
in racking structures would lie in the middle region of the curve shown in Figure 32. The 
AS/NZS 4600 [1], FEA (frame bracing included) and FEA (single upright only, no frame 
bracing) column curves are shown separately in Figure A70, Figure A71, and Figure A72 
respectively. 
 
FEM Column Curve - Comparison Plot for 9019 Uprights (Lez = 0.5xLs,m)
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Figure 32 - FEM column curve comparison plot, Lez=0.5xLs,m 
 
One of the uncertainties when calculating the capacity of the uprights using AS/NZS 4600 [1] 
and current design programs is choosing the effective length for torsion, Lez. Currently 
designers adopt an effective length Lez between 0.8xLey (RMI and AS4084:1993 codes) [5, 
25] and 0.9xLey, depending on the application of the member. For the tests carried out to 
create the FEM column curve, Lez is taken as 0.5xLs,m since warping is restrained at the ends 
of the upright. If this effective length is reduced until the FEM column curve using the results 
from AS/NZS 4600 and the FEM column curve using results from the FEA coincides, the 
designer will then be able to use the reduced Lez for future calculations of the column curve 
and still use the standard formulas in AS/NZS 4600. This investigation was carried out for the 
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9019 upright section, and the point at which the two column curves met was when Lez is 
equal to 0.3xLs,m. Figure 33 shows the revised column curve in which the AS/NZS 4600 
curve virtually coincides with the FEA curve. Thus, for the 9019 upright, the effect of 
discrete torsional restraint can be taken into account by reducing the effective length for 
torsion from 0.5xLs,m to 0.3xLs,m; a reduction of 40%. 
 
Note that for the 9019 uprights where Lex ≥ 2060mm ( 94.0≥niλ ), the Ley and Lez values do 
not have an effect on the capacity because the elastic flexural-torsional buckling stress (foc) 
which is used to derive the flexural-torsional member capacity Ncft is essentially only affected 
by Lex for slender uprights. For 9019 uprights with effective lengths Lex smaller than 
2060mm, the member capacity is affected by both Lex and Lez. 
 
 
Revised FEM Column Curve - Comparison Plot for 9019 Uprights (Lez=0.3xLs,m)
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Figure 33 - Revised FEM column curve comparison plot, Lez=0.3xLs,m 
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7 Conclusions and Recommendations 
 
Determining the structural capacity of light gauge steel storage rack uprights is currently a 
complex and lengthy process for structural engineers and includes specific testing and 
calculations for a range of upright lengths. Even after this process is carried out, the 
calculated capacities appear to be conservative. Over the last decade there has been an 
extensive amount of research into light gauge C-channels and Zed sections. This research has 
lead to many advances in cold-formed steel design, however the design of complex sections 
such as perforated steel storage rack uprights still requires further research. 
 
In this thesis, experimental testing, finite element analysis, and theoretical design calculations 
were used to predict the ultimate strength of the storage rack upright. The main findings of 
each section are as follows: 
 
Section 3 - Experimental Testing 
 
Currently, experimental testing on rack uprights is required to produce column curves in 
accordance with the FEM Specification [2]. Experimental tests on 90mm wide x 2.4mm thick 
uprights with extended rear flanges (lipped) were undertaken to determine the ultimate 
strength of four lengths of uprights as well as a short length of upright (stub column). The 
ultimate load was plotted against the upright displacements at mid-height and the buckling 
mode was recorded. 
 
From the experimental testing it was evident that the failure mode was flexural-torsional 
buckling of the uprights. In the 1350mm long upright, distortional buckling of one of the 
flanges was also noticeable in the post-ultimate loading range. The results from the 
experimental tests were used to validate finite element analysis (FEA) models. 
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Section 4 – Analysis 
 
FEA using Strand7 [32] was used to simulate the experimental tests. The results from the 
upright frame analysis were consistent with the results from the experimental tests, which 
indicates that FEA can be used to create the data required to generate column curves in 
accordance with the FEM Specification [2]. The analysis used to determine the ultimate load 
of the stub column gave results within 3% of the experimental stub column tests. Both the 
upright frame analysis and stub column analysis using FEA would be useful to engineers or 
manufacturers when considering further development of the section, because the stresses 
along the member and around the perforations can be examined in detail. The buckling 
shapes can also be investigated by FEA and optimisation of the complex section may be 
easier knowing the highly stresses areas within the section. 
 
The sensitivity studies carried out on the analysis indicated that perforations must be 
modelled and the equivalent thickness method may produce un-conservative results. The 
analysis must also be material and geometric non-linear to accurately model the behaviour of 
the upright. 
 
The main finding from the analysis was the effects that the bracing members had on the 
ultimate strength. When comparing the buckling capacity of the uprights with frame bracing 
to single uprights without bracing, the discrete torsional restraints provided by the bracing 
increased the capacity of the upright by over 30% for the 3150mm long uprights. It appeared 
that the longer the upright and hence the more bracing members within the upright frame, the 
higher the increase in capacity. 
 
Section 5 – Design 
 
The observed failure loads for each of the experimental tests undertaken in Section 3 were 
used to determine the ultimate strength of the uprights. From these results, column curves 
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were created using guidelines from the FEM Specification [2]. It is difficult to calculate the 
ultimate capacity using AS/NZS 4600 [1] because the upright section geometry is very 
complex and determining the full and effective section properties involves many lengthy 
calculations. In addition, the full effects of the discrete torsional restraints provided by the 
frame bracing could not be accurately determined and the effective length in torsion (Lez) was 
simply taken as half of the measured upright length (Ls,m). 
 
The capacity of the uprights using FEA is up to 50% greater than the design strength 
predictions for the 3150mm long uprights. This indicates that the discrete torsional restraint 
of the bracing has a significant effect on the upright strength. 
 
Section 6 – Analysis of upright sections using FEA alone 
 
Column curves for 90mm wide x 1.9mm thick lipped uprights were created using FEA 
without any supporting physical testing. The results from FEA are compared with design 
predictions obtained using AS/NZS 4600 [1].  The ultimate loads are over 40% higher when 
using FEA for the 3150mm long uprights, and so the effect of the discrete torsional restraints 
provided by the bracing was examined in more detail. The maximum gain in capacity by 
using FEA to model a complete upright frame was for uprights of intermediate slenderness, 
which would account for the majority of upright lengths used in racking structures. 
 
Column curves were also created for single uprights (no frame bracing) using FEA to 
ascertain the difference the bracing made to the upright capacity. The AS/NZS 4600 [1], FEA 
(frame bracing included) and FEA (single upright only, no frame bracing) column curves 
were compared in the same graph, and it was evident that if the effective length in torsion 
(Lez) was reduced in the design calculations, the AS/NZS 4600 [1] and FEA (frame bracing 
included) curves would start to converge. The point at which the two column curves fully 
converged was when Lez was equal to 0.3 times the measured upright length (Ls,m). 
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Recommendations 
 
It is noted that the reduced effective length factor (0.3x Ls,m) for torsion derived from this 
study and the increases in strength resulting from discrete torsional restraints may only be 
applicable for the bracing system and frames investigated in this thesis. It is recommended 
that advanced studies using similar methods to those outlined in this thesis are used to derive 
column curves or reduced effective lengths for other upright sizes and/or frame bracing 
systems. In doing so, particular attention needs to be paid to the modelling of the connection 
between the upright and the bracing member. Section 4.1.4 of this thesis provides guidance in 
this respect. It is imperative that member imperfections be considered. These can possibly be 
implemented as an eccentricity of loading of L/1500. 
 
It is also recommended that for practical design solutions using FEA, some additional thought 
should be given when modelling more slender cross-sections than the one considered in this 
thesis. Because the cross-section was relatively stocky, this thesis does not account for any 
section imperfections. However, such will be important for more slender cross-sections prone 
to local and/or distortional buckling. In addition, the FEA software chosen to model the 
behaviour of the stub columns should have advanced non-linear solvers so that local and 
overall post-buckling behaviour can be examined. 
 
This thesis does not support the use of the equivalent thickness method to determine the 
strength of upright frames by FEA. The results presented herein show that the equivalent 
thickness method may produce unconservative ultimate loads, and hence it is recommended 
that perforations be modelled explicitly in the FEA. 
 
For an extension to this study, further research into the bending, shear, and loading 
combinations could be examined. 
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Appendix A:  Auxiliary Figures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1 - Nominal dimensions of upright 
Figure A2 - Perforation details 
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Figure A3 - Milling the ends of the uprights 
Figure A4 – Section through upright indicating the axis system 
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Figure A5 – Rotational restraint RY fixed at top of upright (bottom similar) 
Figure A6 – Rotational restraint RX free at top of upright (bottom similar) 
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Figure A8 - LVDT Positions 
Figure A7 - Load Cell and Counter-weight 
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Distortional Buckling 
Flexural-torsional Buckling 
+ 
= 
Figure A9 - Types of failure modes 
Figure A10 - Flexural-Torsional Buckling Mode 
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Figure A12 – Load vs Displacement (u) Curve 
Load vs Displacement u - 1950 Test #2
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Figure A11 - Specimen after un-loading 
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Load vs Displacement v - 1950 Test #2
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Load vs Twist ϑ - 1950 Test #2
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Figure A14 – Load vs Twist (ϕ) Curve 
 
Figure A13 - Load vs Displacement (v) Curve 
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Load vs Displacement u - 2550 Test #1
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Figure A15 – Load vs Displacement (u) Curve 
 
 
 
Load vs Displacement v - 2550 Test #1
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Figure A16 - Load vs Displacement (v) Curve 
 
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 91 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
 
 
Load vs Twist ϑ - 2550 Test #3
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Figure A17 – Load vs Twist (ϕ) Curve 
 
 
Load vs Displacement u - 3150 Test #1
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Figure A18 – Load vs Displacement (u) Curve 
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Load Vs Displacement v - 3150 Test #1
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Load vs Twist ϑ - 3150 Test #1
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Figure A20 – Load vs Twist (ϕ) Curve 
 
 
 
 
Figure A19 – Load vs Displacement (v) Curve 
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Figure A21 - Tensile Coupons after testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A22 - Stub Column after loading (flange) 
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Figure A23 - Stub Column after loading (web) 
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Figure A24 - Stub Column Load Curve 2 
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Load Vs Stroke - Stub Column #3
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Figure A25 - Stub Column Load Curve 3 
 
 
 
 
 
 
 
Figure A26 – Simplified cross-section of upright which was used in FEA 
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Figure A27 - Restraints and Freedoms 
 
 
Figure A28 - End release detail at the upright/bracing connection 
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Figure A29 - FE Model showing restraints and connection details 
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Figure A30 - Loading position 
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Figure A32 – Simplified cross-section used in FEA showing dimensions 
 
Figure A31 - Diamond slot and bolt hole dimensions 
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Figure A33 - Simplified cross-section 
showing mesh descretisation 
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Figure A34 – Strand7 profile of cross-sectional properties of upright with curved  
corners and continuous thickness – based on nominal dimensions  
from the manufacturer (Dematic) shown in Figure A1 
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Figure A35 - Simplified cross-sectional properties (2.39mm thick) used in FEA 
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Figure A36 - Load vs Displacement u comparison 
 
 
Load Vs Displacement v - 1350 Test #5
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Figure A37 – Load vs Displacement v comparison 
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Load vs Twist ϑ - 1350 Test #5
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Figure A38 - Load vs Twist comparison 
 
 
 
Load vs Displacement u - 1950 Test #2
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Figure A39 - Load vs Displacement u comparison 
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Figure A40 - Load vs Displacement v comparison 
 
 
Load vs Twist ϑ - 1950 Test #2
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Figure A41 - Load vs Twist comparison 
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Load vs Displacement u - 3150 Test #1
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Figure A42 - Load vs Displacement u comparison 
 
 
 
Load Vs Displacement v - 3150 Test #1
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Figure A43 - Load vs Displacement v comparison 
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Load vs Twist ϑ - 3150 Test #1
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Figure A44 - Load vs Twist comparison 
 
 
 
 
Figure A45 – Cross-section through the mid-height of the upright at the ultimate load. The non-
dimensional displacement scale magnifies the displacements to show the buckling shape.  
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 108 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
 
 
Figure A46 - Stub column ultimate mid-plane von Mises stress contour and buckling shape 
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Figure A48 - Bracing 
swapped around 
Figure A47 - Bracing as per 
experimental test 
* Direction of overall buckling 
* * 
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Load vs Displacement u - 3150 Test #1
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Figure A49 - Sensitivity of changes to bracing arrangement 
 
 
Load vs Twist ϑ - 3150 Test #1
0
10
20
30
40
50
60
70
80
90
100
-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
Twist ϑ (deg)
Ve
rt
ic
al
 
Lo
ad
 
(kN
)
Experimental
FEA (2.2mm ecc)
Bracing Swapped Around
 
Figure A50 - Sensitivity of changes to bracing arrangement 
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Load vs Displacement u - 1350 Test #5
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Load vs Twist ϑ - 1350 Test #5
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Figure A52 - Sensitivity of increasing mesh density 
 
 
 
 
 
 
Figure A51 - Sensitivity of increasing mesh density 
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Figure A53 - Sensitivity of increasing mesh density 
 
 
 
Load vs Twist ϑ - 3150 Test #1
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Figure A54 - Sensitivity of increasing mesh density 
 
 
 
 
 
Load vs Displacement u - 3150 Test #1
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Figure A56 - Bracing 
arrangement similar to 
experimental tests 
Figure A55 - Opposite 
upright loaded 
School of Civil Engineering, The University of Sydney August 2008 
 
M.E.R Thesis by Damien Koen 114 Title: STRUCTURAL CAPACITY OF LIGHT GAUGE STEEL STORAGE RACK UPRIGHTS 
 
Load vs Displacement u - 1350 Test #5
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Figure A57 - Sensitivity of using equivalent thickness method 
 
 
 
Load vs Twist ϑ - Test #5
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Figure A58 - Sensitivity of using equivalent thickness method 
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Load vs Displacement u - 1350 Test #5
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Figure A59 - Sensitivity comparing linear and non-linear solutions 
 
 
Figure A60 - Sensitivity comparing linear and non-linear solutions 
 
 
 
 
 
 
 
Load vs Twist ϑ - 1350 Test #5
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Load vs Displacement u - 3150 Test #1
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Figure A61 - Sensitivity comparing linear and non-linear solutions 
 
 
Load vs Twist ϑ - 3150 Test #1
0
20
40
60
80
100
120
-9 -8 -7 -6 -5 -4 -3 -2 -1 0 1
Twist ϑ (deg)
Ve
rt
ic
a
l L
o
ad
 
(kN
)
Linear Material, Non-linear Geometry
Non-linear Materia, Linear Geometry
Non-linear Material, Non-linear Geometry
 
Figure A62 - Sensitivity comparing linear and non-linear solutions 
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Load vs Displacement u - 1350 Test #5
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Figure A63 - Sensitivity of upright buckling without bracing restraint 
 
 
Load vs Twist ϑ - 1350 Test #5
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Figure A64 - Sensitivity of upright buckling without bracing restraint 
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Load vs Displacement u - 3150 Test #1
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Figure A65 - Sensitivity of upright buckling without bracing restraint 
 
 
 
Load vs Twist ϑ - 3150 Test #1
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Figure A66 - Sensitivity of upright buckling without bracing restraint 
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Figure A67 - Buckling mode shapes and buckling loads for 9024 uprights 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PE = 1696.9 PE = 1391.0 PE = 1190.6 PE = 888.7 
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Figure A68 – Simplified cross-sectional properties (1.9mm thick) used in FEA 
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Figure A69 - Buckling mode shapes and buckling loads for 9019 uprights 
 
 
 
FEM Column Curve for FEA Results - 9019 Uprights
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Figure A70 - FEM column curve plot using FEA (frame bracing included) 
PE = 1206.0 PE = 998.3 PE = 865.1 PE = 642.4 
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FEM Column Curve for FEA Results - 9019 Uprights
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Figure A71 – FEM column curve plot using FEA (single upright only) 
 
 
 
 
FEM Column Curve for AS/NZS 4600 Results - 9019 Uprights (Lez=0.5xLs,m)
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Figure A72 – FEM column curve plot using AS4600 results, Lez=0.5xLs,m 
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Revised FEM Column Curve for AS/NZS 4600 - 9019 Uprights (Lez = 0.3xLs,m)
0.0
0.2
0.4
0.6
0.8
1.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
λni
cuni χχ ,
χcu
Euler
(single upright only, 
no frame bracing and
Lez = 0.3xLs,m)
 
Figure A73 - Revised FEM column curve plot using AS4600 results, Lez=0.3xLs,m 
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Appendix B:  Displacement Calculations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: For this experiment all transducer readings are positive for extension and negative for 
shortening. 
 
 
The calculations used to determine u , v  andϑ  from the shear centroid are as follows: 
 
 






+
−
=
−
ba
LVDTLVDT 5#6#
tan 1ϑ  
 
v  = - ( )ua − × tan ϑ  + LVDT#6 , OR   
 
v  = ( )ub + ×  tan ϑ  + LVDT#5 
 
u = ( ) ( ) 7#tansin
2
cos1
2 1
LVDTwvhw +





×












−++− ϑϑϑ   (for ϑ -ve, clockwise), OR 
 
u  = - ( ) ( ) 7#tansin
2
cos1
2 1
LVDTwvhw +





×












−++− ϑϑϑ   (for ϑ +ve, anticlockwise) 
 
 
 
 
 
 
 
} should be identical 
  Overall plate width ‘w’ 
Fixed Transducer 
LVDT #5 
Upright 
Stiff plate 
ϑ
u
v
a b 
Fixed Transducer 
LVDT #7 
Fixed Transducer 
LVDT #6 
Axis indicating direction 
of displacement 
1h
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Verification of the equations used to determine :ϑ  
 
 
 
 
 
 
 
                  
 
 
 
 
 
Note: Diagrammatic sketch of plate only. 
  
 
 
 
 
                                                                                             
 
 
tan =ϑ ( )( )ba
LVDTLVDT
+
− 5#6#
 
 
 
 tan 1−=ϑ ( )( ) 




+
−
ba
LVDTLVDT 5#6#
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ϑ
( )ba +
LVDT#6 +  
(-LVDT#5) 
a b 
 (6)  (5) 
ϑ
Stiff plate attached to 
upright – original 
position 
Stiff plate attached to 
upright – final position 
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Verification of the equations used to determine v : 
 
The three buckling modes we have to consider to accurately determine v are: 
 
1) Upright moves in v-direction only as per sketch below.  
 
 
 
 
 
 
 
 
 
 
 
2) Upright rotates or twists only as per sketch below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3) Upright moves in both the v-direction and also twists as per sketch below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (6)  (5) 
b a 
v  
 (6)  (5) 
  b   a 
2ϑv
1ϑv
 (6)  (5) 
  b   a 
2ϑv
1ϑv 4v
3v
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From 3)  
 
13 ϑvvv −= ⇒  12 ϑvvv +=  
 
24 ϑvvv += 24 ϑvvv −=⇒  
 
3v  and 4v  are the readings off the LVDTs  (6)  and  (5)  respectively. 
 
Now we need to calculate 1ϑv  and 2ϑv  
 
From 2),  
 
 
 
 
 
 
 
a
v 1tan ϑϑ =                                                               
b
v 2tan ϑϑ =  
 
ϑϑ tan1 av =                                                              ϑϑ tan2 bv =  
 
ϑtan3 avv +=∴                                                      ϑtan4 bvv −=∴  
 
Since + v  direction is actually a negative reading, anti-clockwise ϑ  taken as positive, and 3v   
 
and 4v  are negative when shortened, the equations for v  are: 
 
                     OR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ϑ
a 
1ϑv
b 
ϑ 2ϑv
ϑtan3 avv −+=+ ϑtan4 bvv ++=+
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Now when the upright twists and moves in the u -direction, we need to substitute a  for  
 
( )ua −  and b  for ( )ub +  so that a , b  and primarily v is calculated correctly. You can see  
 
by the following sketch that if u  was not accounted for, the LVDT readings for (6) and (7)  
 
would be to the green dotted line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note that if ϑ  is negative, ϑtan  is negative so these equations apply for both positive and  
 
negative rotation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
∴ ( ) 3tan vuav +−−= ϑ               OR             ( ) 4tan vubv ++= ϑ  
 
 (6)  (5) 
  b   a 
( )ub +( )ua −
  u  
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Verify the equations used to determine :u  
 
1) Upright moves in the u  direction only. 
 
 
 
 
 
 
 
 
 
 
 
 
2) Upright moves by twisting only. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3) Upright moves in both the u direction and twisting. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(7) 
u
(7) 
ϑu
(7) 
u
ϑu
  cu  
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ϑϑ uuuuuu cc +=⇒−=  
 
 
Where cu  is the reading off the LVDT#7. 
 
Now we need to calculate ϑu  
 
For ϑ  positive: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the above, 
 
54 hhu +=ϑ , and 
 
321 hhh +=  
 
2/
sin 2
w
h
=ϑ  
    
 
 
                                                            
 
ϑu
4h 5h
ϑ
1h
2h
3h
ϑsin
22
wh =∴
ϑ 2h
2/w
42/ hw −
ϑ
 (7) 
ϑ
42/ hw −
2/w
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( )4
2
2/
tan
hw
h
−
=ϑ  
 
ϑtan
2/ 24
hhw =−  
                                                      
ϑtan2
2
4
hwh −=  
 
 
ϑ
ϑ
tan
sin
2
24






−=
w
wh  
 
 





−=
ϑ
ϑ
tan
sin1
24
wh  
                 
                                
                                                                    
 
213 hhh −=  
 
ϑsin
213
whh −=  
 
 
 
 
 
 
 
 
 
3
5tan
h
h
=ϑ  
 
ϑtan35 hh =  
 
 
 
 
 
 
 
 
 
( )ϑcos1
24
−=∴
wh
ϑϑ tansin
215






−=
whh
ϑ
3h
5h
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Now,  
 
54 hhu +=ϑ  
 
     = ( ) ϑϑϑ tansin
2
cos1
2 1






−+−
whw  
 
cuuu += ϑ  
 
   = ( ) ϑϑϑ tansin
2
cos1
2 1






−+−
whw 7#LVDT+  
 
Since u+  direction is negative in the LVDT’s, ϑu is positive (extension), ϑ  is positive and  
 
LVDT#7 negative: 
 
 
 
 
 
 
Now when the upright moves in the lateral v -direction we need to substitute 1h  for ( )vh +1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
∴ ( ) ( ) 7#tansin
2
cos1
2
LVDTwvcwu +



−+−−
−
= ϑϑϑ  
 
 
 
 
 
 
 
 
( ) 7#tansin
2
cos1
2 1
LVDTwhwu +





−−−−= ϑϑϑ
 
 
(7) 
v
1h
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If ϑ  is positive (i.e. in the clockwise direction). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Calculating the displacement u using the same method previously outlined for anti-clockwise  
 
rotation, 
 
 
 
 
 
 
Noting that ( ) ( ).coscos ϑϑ −=+  for 9090 −≤≤ ϑ  
 
For ϑ  small (i.e 0→ϑ ), 1cos =ϑ , 0sin =ϑ , 0tan =ϑ  
        
7#LVDTu ±→  
 
 
 
 
 
(7)  
2h
1h
3h ϑ
4hϑu
5h
2/w
( ) ( ) 7#tansin
2
cos1
2 1
LVDTwvhwu +

















−++−−= ϑϑϑ
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Appendix C:  ColdSteel/4600 and ThinWall analysis 
 
 
C1  - ColdSteel/4600 Analysis for 9024 Upright  
- Uniform Base Metal Thickness 2.40mm 
 
 
Results of Analysis by ColdSteel/4600, Version 2.07, 15 July 2007 
================================================================= 
 
 
Licence No. CS-0000 
 
Member ID:             N/A 
Section Class:         Colby Upright - RF 
Section Designation:   RF9024/G450 
Material Grade:        G450 
 
Design Specification:  AS/NZS 4600:1996 
 
Units 
----- 
Length: Metres 
Force:  Kilonewtons 
Mass:   Kilograms 
 
Input Parameters 
---------------- 
- Design actions come first-order elastic structural analysis. 
- Thick-walled theory is used for calculation of cross-section properties. 
- Rounded corners are used for calculation of torsional section properties. 
- Shear centre and warping constant are calculated on-the-fly. 
- Principal (x-y) axes are used. 
- Phi-factors from AS/NZS 4600:1996 are used in design calculations. 
- Mox calculated using Clause 3.3.3.2 for bending strength check. 
- Moy calculated using Clause 3.3.3.2 for bending strength check. 
- Axial compression force (N*) is assumed to pass though full section centroid 
- Noc calculated using the given effective lengths (Lex, Ley, Lez) 
- The possibility of torsional or torsional-flexural buckling in compression is considered 
- Distortional buckling strength in compression is considered if relevant (Clause 3.4.6) 
- Distortional buckling stress in compression (if relevant) is calculated using simple analytical 
model 
- Distortional buckling stress in bending about x-axis (if relevant) is calculated using simple 
analytical model 
- Distortional buckling stress in bending about y-axis (if relevant) is calculated using simple 
analytical model 
 
2E8 kPa    = E, Elastic modulus 
8E7 kPa    = G, Shear modulus 
4.5E5 kPa    = fy, Yield stress 
5E5 kPa    = fu, Ultimate tensile strength 
7850 kg/m3  = rho, Mass density 
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0.94        = Q, Q-factor for section with perforations 
1        = kt, Tension factor 
0 m      = Brem, Equivalent removed width 
0.1 m      = Lb, Bearing length 
0.1 m      = c, Bearing parameter 
0.1 m      = e, Bearing parameter 
1        = Cbx, coefficient for calculation of buckling moment Mox 
1        = 1/CTFy, coefficient for calculation of buckling moment Moy 
1        = Cmx, Moment modification factor (combined tension/compression & bending) 
1        = Cmy, Moment modification factor (combined tension/compression & bending) 
0 kN     = N*, Design axial force (tension positive) 
0 kNm    = Mx*, Design bending moment about x-axis 
0 kNm    = My*, Design bending moment about y-axis 
0 kN     = Vx*, Design shear force in direction of x-axis 
0 kN     = Vy*, Design shear force in direction of y-axis 
0 kN     = Rx*, Design bearing force in direction of x-axis 
0 kN     = Ry*, Design bearing force in direction of y-axis 
 
Cross-Sectional Dimensions 
-------------------------- 
0.0024 m      = Thickness (t) 
0.0885 m      = Overall depth (D) 
0.0745 m      = Overall width (B) 
0.02379 m      = Stiffener length (V) 
0.02025 m      = Flat length on flange (F1) 
0.02397 m      = Flat length on flange (F2) 
0.0535 m      = Flange separation (G) 
0.006 m      = Internal radius at flange/web (R1) 
0.005 m      = Other internal bend radii (R2) 
0.017 m      = Lip length (L) 
0.046 m      = Distance between centrelines of perforations in web (X1) 
0.014 m      = Diameter of perforations in web (H1) 
0.0175 m      = Dimension defining centreline of flange perforation (X2) 
0.0104 m      = Diameter of flange perforation (H2) 
-0.011614 m      = Feed width correction 
42.7 deg    = Angle of vee-stiffener (Theta) 
 
Properties of Full Section 
-------------------------- 
0.26 m      = Wf, Feed width 
0.000624 m2     = A (full section) 
0.000624 m2     = A (net section) 
0.0285767 m      = xc, x-ordinate of centroid (full section) 
0 m      = yc, y-ordinate of centroid (full section) 
-0.0637551 m      = xo, x-ordinate of shear centre (referred to principal axes) 
0 m      = yo, y-ordinate of shear centre (referred to principal axes) 
6.86514E-7 m4     = Ix (full section) 
4.42417E-7 m4     = Iy (full section) 
0 m4     = Ixy (full section) 
0 deg    = Inclination of principal axes (full section) 
0.033169 m      = rx (full section), radius of gyration 
0.0266271 m      = ry (full section), radius of gyration 
-0.0297767 m      = Extreme negative x-ordinate (full section) 
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0.0447233 m      = Extreme positive x-ordinate (full section) 
-0.04425 m      = Extreme negative y-ordinate (full section) 
0.04425 m      = Extreme positive y-ordinate (full section) 
1.55145E-5 m3     = Zx+, Full section modulus (yield at extreme positive y-ordinate) 
1.55145E-5 m3     = Zx-, Full section modulus (yield at extreme negative y-ordinate) 
9.89233E-6 m3     = Zy+, Full section modulus (yield at extreme positive x-ordinate) 
1.48578E-5 m3     = Zy-, Full section modulus (yield at extreme negative x-ordinate) 
1.19808E-9 m4     = J, torsion constant (full section) 
0.0761194 m      = ro1 (full section) 
0 m      = betax, monosymmetry parameter (referred to principal axes) 
0.140726 m      = betay, monosymmetry parameter (referred to principal axes) 
7.52878E-10 m6     = Iw, warping constant (full section) 
4.8984 kg/m   = Mass per unit length 
0.548028 m      = Profile distance 
0.111879 m2/kg  = Profile surface area (Area/Mass) 
 
Properties of Effective Section 
------------------------------- 
0.00052339 m2     = Ae(fy) Effective area for uniform stress fy 
0.00052339 m2     = Ae(fn) Effective area for uniform stress fn 
6.2807E-7 m4     = Iex+, effective 2nd moment of area (x+ bending, extreme fibre at yield) 
6.2807E-7 m4     = Iex-, effective 2nd moment of area (x- bending, extreme fibre at yield) 
3.6976E-7 m4     = Iey+, effective 2nd moment of area (y+ bending, extreme fibre at yield) 
3.6976E-7 m4     = Iey-, effective 2nd moment of area (y- bending, extreme fibre at yield) 
1.4194E-5 m3     = Zex+, effective section modulus at yield (x+ bending) 
1.4194E-5 m3     = Zex-, effective section modulus at yield (x- bending) 
8.4733E-6 m3     = Zey+, effective section modulus at yield (y+ bending) 
1.1184E-5 m3     = Zey-, effective section modulus at yield (y- bending) 
 
Full Properties of Net Sections 
------------------------------- 
0.0005568 m2     = A_netmin, Minimum net area 
6.4749E-7 m4     = I_xxnetmin, Minimum net second moment of area about x-axis 
3.812E-7 m4     = I_yynetmin, Minimum net second moment of area about y-axis 
1.4633E-5 m3     = Z_xpnetmin, Minimum net section modulus (x bending, + fibre) 
1.4633E-5 m3     = Z_xnnetmin, Minimum net section modulus (x bending, - fibre) 
8.7353E-6 m3     = Z_ypnetmin, Minimum net section modulus (y bending, + fibre) 
1.153E-5 m3     = Z_ynnetmin, Minimum net section modulus (y bending, - fibre) 
 
Miscellaneous Parameters 
------------------------ 
6.9828E13 kPa    = fox, Elastic buckling stress for buckling about principal x-axis 
4.5E13 kPa    = foy, Elastic buckling stress for buckling about principal y-axis 
1.3216E13 kPa    = foz, Elastic buckling stress for torsional buckling about z-axis 
1.1596E13 kPa    = foc, Elastic buckling stress 
4.5E5 kPa    = fn, Inelastic buckling stress 
6.8651E-7 m4     = Ie_Mx*, Effective second moment of area for design Mx* 
1.5514E-5 m3     = Ze_Mx*, Effective section modulus for design Mx* 
4.4242E-7 m4     = Ie_My*, Effective second moment of area for design My* 
9.8923E-6 m3     = Ze_My*, Effective section modulus for design My* 
2.9533E12 kPa    = fodc, Distortional buckling stress in pure compression 
1.1189E6 kPa    = fodx+, Distortional buckling stress in bending 
1.1189E6 kPa    = fodx-, Distortional buckling stress in bending 
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C2  - 9024 Section based on Manufacturer’s dimensions 
- Uniform Base Metal Thickness = 2.39mm 
 
 
THIN-WALL 2.1 
Cross-Section Analysis and Finite Strip Buckling Analysis and Direct Strength Design of 
Thin-Walled Structures 
Copyright © 1993-2005, Centre for Advanced Structural Engineering, University of Sydney 
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Section Properties 
 
 
Area of section  A = 648.2 
 
2nd moment of area  Ix' = 6.821E+05 
about rectangular axes  Iy' = 4.389E+05 
 
Section modulus  Zx' = 1.559E+04 
about rectangular axes  Zy' = 1.008E+04 
 
Product moment of area  Ix'y' = -0.0001 
 
2nd moment of area  Ix = 6.821E+05 
about principal axes  Iy = 4.389E+05 
 
Section modulus  Zx = 1.559E+04 
about principal axes  Zy = 1.008E+04 
 
Torsion constant  J = 1234 
 
Warping constant  Iw = 7.497E+08 
 
Coordinates of  Xc = -0.0001 
centroid   Yc = 0.0000 
 
Coordinates of  Xs = -63.76 
shear centre   Ys = 0.0000 
 
Coordinates of shear  xo = -63.76 
centre in principal axes  yo = 0.0000 
 
Monosymmetry  βx = 0.0000 
parameters   βy = 140.7 
 
Slope of principal axes  α = 0.0000° 
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Buckling Stress 
 
 
Buckle Half-Wavelength = 30 Load Factor = 2555 
Buckling Mode Number 1 Buckling Stress = 3942 
 
Buckle Half-Wavelength = 35 Load Factor = 2440 
Buckling Mode Number 1 Buckling Stress = 3764 
 
Buckle Half-Wavelength = 40 Load Factor = 2415 
Buckling Mode Number 1 Buckling Stress = 3726 
 
Buckle Half-Wavelength = 45 Load Factor = 2437 
Buckling Mode Number 1 Buckling Stress = 3760 
 
Buckle Half-Wavelength = 50 Load Factor = 2426 
Buckling Mode Number 1 Buckling Stress = 3743 
 
Buckle Half-Wavelength = 60 Load Factor = 2158 
Buckling Mode Number 1 Buckling Stress = 3329 
 
Buckle Half-Wavelength = 70 Load Factor = 1933 
Buckling Mode Number 1 Buckling Stress = 2982 
 
Buckle Half-Wavelength = 80 Load Factor = 1758 
Buckling Mode Number 1 Buckling Stress = 2712 
 
Buckle Half-Wavelength = 90 Load Factor = 1615 
Buckling Mode Number 1 Buckling Stress = 2492 
 
Buckle Half-Wavelength = 95 Load Factor = 1552 
Buckling Mode Number 1 Buckling Stress = 2394 
 
Buckle Half-Wavelength = 100 Load Factor = 1492 
Buckling Mode Number 1 Buckling Stress = 2302 
 
Buckle Half-Wavelength = 125 Load Factor = 1251 
Buckling Mode Number 1 Buckling Stress = 1930 
 
Buckle Half-Wavelength = 150 Load Factor = 1102 
Buckling Mode Number 1 Buckling Stress = 1700 
 
Buckle Half-Wavelength = 175 Load Factor = 1029 
Buckling Mode Number 1 Buckling Stress = 1588 
 
Buckle Half-Wavelength = 187.5 Load Factor = 1011 
Buckling Mode Number 1 Buckling Stress = 1560 
 
Buckle Half-Wavelength = 200 Load Factor = 1003 
Buckling Mode Number 1 Buckling Stress = 1547 
 
Buckle Half-Wavelength = 225 Load Factor = 991.6 
Buckling Mode Number 1 Buckling Stress = 1530 
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Buckle Half-Wavelength = 250 Load Factor = 956.2 
Buckling Mode Number 1 Buckling Stress = 1475 
 
Buckle Half-Wavelength = 275 Load Factor = 885.5 
Buckling Mode Number 1 Buckling Stress = 1366 
 
Buckle Half-Wavelength = 300 Load Factor = 804.9 
Buckling Mode Number 1 Buckling Stress = 1242 
 
Buckle Half-Wavelength = 325 Load Factor = 720.3 
Buckling Mode Number 1 Buckling Stress = 1111 
 
Buckle Half-Wavelength = 350 Load Factor = 651.7 
Buckling Mode Number 1 Buckling Stress = 1005 
 
Buckle Half-Wavelength = 375 Load Factor = 596.9 
Buckling Mode Number 1 Buckling Stress = 920.9 
 
Buckle Half-Wavelength = 400 Load Factor = 553.2 
Buckling Mode Number 1 Buckling Stress = 853.5 
 
Buckle Half-Wavelength = 500 Load Factor = 446.5 
Buckling Mode Number 1 Buckling Stress = 688.9 
 
Buckle Half-Wavelength = 600 Load Factor = 391.7 
Buckling Mode Number 1 Buckling Stress = 604.3 
 
Buckle Half-Wavelength = 700 Load Factor = 349.9 
Buckling Mode Number 1 Buckling Stress = 539.8 
 
Buckle Half-Wavelength = 800 Load Factor = 309.2 
Buckling Mode Number 1 Buckling Stress = 477.0 
 
Buckle Half-Wavelength = 900 Load Factor = 269.7 
Buckling Mode Number 1 Buckling Stress = 416.1 
 
Buckle Half-Wavelength = 1000 Load Factor = 233.7 
Buckling Mode Number 1 Buckling Stress = 360.6 
 
Buckle Half-Wavelength = 2000 Load Factor = 75.09 
Buckling Mode Number 1 Buckling Stress = 115.8 
 
Buckle Half-Wavelength = 3000 Load Factor = 40.11 
Buckling Mode Number 1 Buckling Stress = 61.88 
 
Buckle Half-Wavelength = 4000 Load Factor = 27.26 
Buckling Mode Number 1 Buckling Stress = 42.06 
 
Buckle Half-Wavelength = 5000 Load Factor = 20.85 
Buckling Mode Number 1 Buckling Stress = 32.17 
 
Buckle Half-Wavelength = 6000 Load Factor = 16.97 
Buckling Mode Number 1 Buckling Stress = 26.18 
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Buckle Half-Wavelength = 7000 Load Factor = 14.29 
Buckling Mode Number 1 Buckling Stress = 22.05 
 
Buckle Half-Wavelength = 8000 Load Factor = 12.26 
Buckling Mode Number 1 Buckling Stress = 18.91 
 
Buckle Half-Wavelength = 9000 Load Factor = 10.66 
Buckling Mode Number 1 Buckling Stress = 16.45 
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C3  - 9019 Section based on Manufacturer’s dimensions 
- Uniform Base Metal Thickness = 1.90mm 
 
 
THIN-WALL 2.1 
Cross-Section Analysis and Finite Strip Buckling Analysis and Direct Strength Design of 
Thin-Walled Structures 
Copyright © 1993-2005, Centre for Advanced Structural Engineering, University of Sydney 
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Section Properties 
 
 
Area of section  A = 515.3 
 
2nd moment of area  Ix' = 5.422E+05 
about rectangular axes  Iy' = 3.489E+05 
 
Section modulus  Zx' = 1.239E+04 
about rectangular axes  Zy' = 8017 
 
Product moment of area  Ix'y' = -0.0001 
 
2nd moment of area  Ix = 5.422E+05 
about principal axes  Iy = 3.489E+05 
 
Section modulus  Zx = 1.239E+04 
about principal axes  Zy = 8017 
 
Torsion constant  J = 620.1 
 
Warping constant  Iw = 5.960E+08 
 
Coordinates of  Xc = -0.0001 
centroid   Yc = 0.0000 
 
Coordinates of  Xs = -63.76 
shear centre   Ys = 0.0000 
 
Coordinates of shear  xo = -63.76 
centre in principal axes  yo = 0.0000 
 
Monosymmetry  βx = 0.0000 
parameters   βy = 140.7 
 
Slope of principal axes  α = 0.0000° 
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Buckling Stress 
 
 
Buckle Half-Wavelength = 30 Load Factor = 1261 
Buckling Mode Number 1 Buckling Stress = 2447 
 
Buckle Half-Wavelength = 35 Load Factor = 1206 
Buckling Mode Number 1 Buckling Stress = 2340 
 
Buckle Half-Wavelength = 40 Load Factor = 1195 
Buckling Mode Number 1 Buckling Stress = 2319 
 
Buckle Half-Wavelength = 45 Load Factor = 1212 
Buckling Mode Number 1 Buckling Stress = 2352 
 
Buckle Half-Wavelength = 50 Load Factor = 1247 
Buckling Mode Number 1 Buckling Stress = 2420 
 
Buckle Half-Wavelength = 55 Load Factor = 1290 
Buckling Mode Number 1 Buckling Stress = 2504 
 
Buckle Half-Wavelength = 60 Load Factor = 1313 
Buckling Mode Number 1 Buckling Stress = 2548 
 
Buckle Half-Wavelength = 65 Load Factor = 1257 
Buckling Mode Number 1 Buckling Stress = 2439 
 
Buckle Half-Wavelength = 70 Load Factor = 1192 
Buckling Mode Number 1 Buckling Stress = 2313 
 
Buckle Half-Wavelength = 80 Load Factor = 1081 
Buckling Mode Number 1 Buckling Stress = 2098 
 
Buckle Half-Wavelength = 90 Load Factor = 993.2 
Buckling Mode Number 1 Buckling Stress = 1928 
 
Buckle Half-Wavelength = 95 Load Factor = 955.2 
Buckling Mode Number 1 Buckling Stress = 1854 
 
Buckle Half-Wavelength = 100 Load Factor = 920.0 
Buckling Mode Number 1 Buckling Stress = 1785 
 
Buckle Half-Wavelength = 125 Load Factor = 771.2 
Buckling Mode Number 1 Buckling Stress = 1497 
 
Buckle Half-Wavelength = 150 Load Factor = 664.9 
Buckling Mode Number 1 Buckling Stress = 1290 
 
Buckle Half-Wavelength = 175 Load Factor = 600.2 
Buckling Mode Number 1 Buckling Stress = 1165 
 
Buckle Half-Wavelength = 187.5 Load Factor = 580.7 
Buckling Mode Number 1 Buckling Stress = 1127 
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Buckle Half-Wavelength = 200 Load Factor = 567.9 
Buckling Mode Number 1 Buckling Stress = 1102 
 
Buckle Half-Wavelength = 225 Load Factor = 556.6 
Buckling Mode Number 1 Buckling Stress = 1080 
 
Buckle Half-Wavelength = 250 Load Factor = 553.4 
Buckling Mode Number 1 Buckling Stress = 1074 
 
Buckle Half-Wavelength = 275 Load Factor = 541.9 
Buckling Mode Number 1 Buckling Stress = 1052 
 
Buckle Half-Wavelength = 300 Load Factor = 512.2 
Buckling Mode Number 1 Buckling Stress = 994.0 
 
Buckle Half-Wavelength = 325 Load Factor = 472.5 
Buckling Mode Number 1 Buckling Stress = 917.0 
 
Buckle Half-Wavelength = 350 Load Factor = 430.5 
Buckling Mode Number 1 Buckling Stress = 835.5 
 
Buckle Half-Wavelength = 375 Load Factor = 390.4 
Buckling Mode Number 1 Buckling Stress = 757.6 
 
Buckle Half-Wavelength = 400 Load Factor = 357.7 
Buckling Mode Number 1 Buckling Stress = 694.2 
 
Buckle Half-Wavelength = 500 Load Factor = 276.5 
Buckling Mode Number 1 Buckling Stress = 536.6 
 
Buckle Half-Wavelength = 600 Load Factor = 237.3 
Buckling Mode Number 1 Buckling Stress = 460.5 
 
Buckle Half-Wavelength = 700 Load Factor = 213.4 
Buckling Mode Number 1 Buckling Stress = 414.1 
 
Buckle Half-Wavelength = 800 Load Factor = 193.0 
Buckling Mode Number 1 Buckling Stress = 374.6 
 
Buckle Half-Wavelength = 900 Load Factor = 172.8 
Buckling Mode Number 1 Buckling Stress = 335.4 
 
Buckle Half-Wavelength = 1000 Load Factor = 152.9 
Buckling Mode Number 1 Buckling Stress = 296.7 
 
Buckle Half-Wavelength = 2000 Load Factor = 50.36 
Buckling Mode Number 1 Buckling Stress = 97.73 
 
Buckle Half-Wavelength = 3000 Load Factor = 25.98 
Buckling Mode Number 1 Buckling Stress = 50.42 
 
Buckle Half-Wavelength = 4000 Load Factor = 17.12 
Buckling Mode Number 1 Buckling Stress = 33.22 
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Buckle Half-Wavelength = 5000 Load Factor = 12.83 
Buckling Mode Number 1 Buckling Stress = 24.90 
 
Buckle Half-Wavelength = 6000 Load Factor = 10.34 
Buckling Mode Number 1 Buckling Stress = 20.07 
 
Buckle Half-Wavelength = 7000 Load Factor = 8.685 
Buckling Mode Number 1 Buckling Stress = 16.85 
 
Buckle Half-Wavelength = 8000 Load Factor = 7.483 
Buckling Mode Number 1 Buckling Stress = 14.52 
 
Buckle Half-Wavelength = 9000 Load Factor = 6.550 
Buckling Mode Number 1 Buckling Stress = 12.71 
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C4  - 9024 Section 1 measured at top 
- Uniform Base Metal Thickness = 2.40mm 
 
 
THIN-WALL 2.0 
Cross-Section Analysis and Finite Strip Buckling Analysis of Thin-Walled Structures 
Copyright © 1993-2003, Centre for Advanced Structural Engineering, University of Sydney 
 
Engineer: Damien Koen 
Company: University of Sydney MER Postgraduate 
 
Job: 9024_section_1. 
Title: C-S 1 (top) 
 
Number of Nodes = 33 
 Node     Coordinates  Restraints 
Number    X    Y  δX  δY  δZ  θZ 
   1  86.00 71.50 Free Free Free Free 
   2  77.50 71.00 Free Free Free Free 
   3  74.00 70.00 Free Free Free Free 
   4  73.50 68.00 Free Free Free Free 
   5  73.50 41.00 Free Free Free Free 
   6  74.50 39.00 Free Free Free Free 
   7  75.50 37.50 Free Free Free Free 
   8  86.00 33.00 Free Free Free Free 
   9  88.00 31.00 Free Free Free Free 
   10  88.50 29.00 Free Free Free Free 
   11  88.00 7.500 Free Free Free Free 
   12  87.00 4.000 Free Free Free Free 
   13  83.50 2.500 Free Free Free Free 
   14  53.00 2.000 Free Free Free Free 
   15  51.00 3.000 Free Free Free Free 
   16  47.00 7.000 Free Free Free Free 
   17  44.50 7.500 Free Free Free Free 
   18  42.00 7.000 Free Free Free Free 
   19  36.00 3.000 Free Free Free Free 
   20  33.00 2.000 Free Free Free Free 
   21  7.000 1.500 Free Free Free Free 
   22  4.000 3.000 Free Free Free Free 
   23  2.000 6.500 Free Free Free Free 
   24  3.000 31.00 Free Free Free Free 
   25  3.500 33.00 Free Free Free Free 
   26  5.000 34.00 Free Free Free Free 
   27  15.00 39.00 Free Free Free Free 
   28  17.50 41.00 Free Free Free Free 
   29  18.50 43.00 Free Free Free Free 
   30  21.00 67.00 Free Free Free Free 
   31  20.50 69.50 Free Free Free Free 
   32  18.50 71.00 Free Free Free Free 
   33  5.500 72.00 Free Free Free Free 
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Number of Element Types = 1 
Element  Elastic      Shear   Poisson's   Thickness   Thickness 
 Type    Modulus   Modulus   Ratio         in Flexure   in Shear    Corrugation   Depth   Width 
Number       E              G      ν               te         tg          Type          d             b 
   1    2.00E+5   8.00E+4  0.300  2.400        2.400          None            0.0         0.0 
 
Section Properties 
Area of section  A = 636.0 
 
2nd moment of area  Ix' = 4.001E+05 
about rectangular axes Iy' = 6.487E+05 
 
Section modulus  Zx' = 9316 
about rectangular axes Zy' = 1.496E+04 
 
Product moment of area Ix'y' = 882.5 
 
2nd moment of area  Ix = 4.001E+05 
about principal axes  Iy = 6.487E+05 
 
Section modulus  Zx = 9285 
about principal axes  Zy = 1.496E+04 
 
Torsion constant  J = 1221 
 
Warping constant  Iw = 7.641E+08 
 
Coordinates of  Xc = 45.13 
centroid   Yc = 29.05 
 
Coordinates of  Xs = 42.31 
shear centre   Ys = -32.65 
 
Coordinates of shear  xo = -3.038 
centre in principal axes yo = -61.68 
 
Monosymmetry  βx = 134.4 
parameters   βy = 6.464 
 
Slope of principal axes α = 0.2034° 
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C5  - 9024 Section 1 measured at bottom 
- Uniform Base Metal Thickness = 2.40mm 
 
 
THIN-WALL 2.0 
Cross-Section Analysis and Finite Strip Buckling Analysis of Thin-Walled Structures 
Copyright © 1993-2003, Centre for Advanced Structural Engineering, University of Sydney 
 
Engineer: Damien Koen 
Company: University of Sydney MER Postgraduate 
 
Job: 9024_section_1 
Title: C-S 2 (btm) 
 
Number of Nodes = 33 
 Node     Coordinates  Restraints 
Number    X    Y  δX  δY  δZ  θZ 
   1  -86.00 72.50 Free Free Free Free 
   2  -75.50 71.00 Free Free Free Free 
   3  -73.50 70.00 Free Free Free Free 
   4  -72.00 67.50 Free Free Free Free 
   5  -71.50 44.00 Free Free Free Free 
   6  -72.00 41.50 Free Free Free Free 
   7  -74.00 40.00 Free Free Free Free 
   8  -84.50 35.00 Free Free Free Free 
   9  -86.00 34.00 Free Free Free Free 
   10  -86.50 32.00 Free Free Free Free 
   11  -87.00 5.500 Free Free Free Free 
   12  -86.50 3.000 Free Free Free Free 
   13  -84.00 1.500 Free Free Free Free 
   14  -55.00 1.500 Free Free Free Free 
   15  -53.00 2.500 Free Free Free Free 
   16  -48.00 6.000 Free Free Free Free 
   17  -45.50 6.500 Free Free Free Free 
   18  -43.00 6.250 Free Free Free Free 
   19  -37.00 2.500 Free Free Free Free 
   20  -34.50 2.000 Free Free Free Free 
   21  -6.500 2.000 Free Free Free Free 
   22  -3.000 4.000 Free Free Free Free 
   23  -1.500 7.000 Free Free Free Free 
   24  -3.000 31.00 Free Free Free Free 
   25  -4.000 33.00 Free Free Free Free 
   26  -6.000 34.00 Free Free Free Free 
   27  -15.00 37.50 Free Free Free Free 
   28  -17.00 39.00 Free Free Free Free 
   29  -18.00 40.50 Free Free Free Free 
   30  -19.50 68.00 Free Free Free Free 
   31  -18.50 70.00 Free Free Free Free 
   32  -17.00 71.00 Free Free Free Free 
   33  -5.500 72.00 Free Free Free Free 
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Number of Element Types = 1 
Element  Elastic      Shear   Poisson's   Thickness   Thickness 
 Type    Modulus   Modulus   Ratio         in Flexure   in Shear    Corrugation   Depth   Width 
Number       E              G      ν               te         tg          Type          d             b 
   1    2.00E+5   8.00E+4  0.300  2.400        2.400          None            0.0         0.0 
 
Section Properties 
Area of section  A = 635.5 
 
2nd moment of area  Ix' = 4.029E+05 
about rectangular axes Iy' = 6.410E+05 
 
Section modulus  Zx' = 9252 
about rectangular axes Zy' = 1.472E+04 
 
Product moment of area Ix'y' = -3611 
 
2nd moment of area  Ix = 4.028E+05 
about principal axes  Iy = 6.410E+05 
 
Section modulus  Zx = 9231 
about principal axes  Zy = 1.461E+04 
 
Torsion constant  J = 706.1 
 
Warping constant  Iw = 7.530E+08 
 
Coordinates of  Xc = -45.04 
centroid   Yc = 28.96 
 
Coordinates of  Xs = -44.34 
shear centre   Ys = -33.15 
 
Coordinates of shear  xo = 1.645 
centre in principal axes yo = -62.08 
 
Monosymmetry  βx = 135.0 
parameters   βy = -3.565 
 
Slope of principal axes α = -0.8688° 
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C6  - 9024 Section 2 measured at top 
- Uniform Base Metal Thickness = 2.40mm 
 
 
THIN-WALL 2.0 
Cross-Section Analysis and Finite Strip Buckling Analysis of Thin-Walled Structures 
Copyright © 1993-2003, Centre for Advanced Structural Engineering, University of Sydney 
 
Engineer: Damien Koen 
Company: University of Sydney MER Postgraduate 
 
Job: 9024_section_2. 
Title: C-S 1 (top) 
 
Number of Nodes = 33 
 Node     Coordinates  Restraints 
Number    X    Y  δX  δY  δZ  θZ 
   1  87.50 71.00 Free Free Free Free 
   2  76.50 71.00 Free Free Free Free 
   3  74.75 70.00 Free Free Free Free 
   4  74.00 68.50 Free Free Free Free 
   5  74.50 41.00 Free Free Free Free 
   6  75.50 39.00 Free Free Free Free 
   7  76.50 37.50 Free Free Free Free 
   8  86.00 33.00 Free Free Free Free 
   9  88.00 32.00 Free Free Free Free 
   10  89.00 29.50 Free Free Free Free 
   11  88.50 6.000 Free Free Free Free 
   12  87.00 3.000 Free Free Free Free 
   13  85.00 2.000 Free Free Free Free 
   14  54.00 2.000 Free Free Free Free 
   15  52.00 3.000 Free Free Free Free 
   16  47.50 6.500 Free Free Free Free 
   17  45.00 7.500 Free Free Free Free 
   18  43.00 7.000 Free Free Free Free 
   19  37.00 3.500 Free Free Free Free 
   20  35.00 2.000 Free Free Free Free 
   21  7.000 2.000 Free Free Free Free 
   22  4.000 4.000 Free Free Free Free 
   23  2.000 7.000 Free Free Free Free 
   24  2.000 31.00 Free Free Free Free 
   25  2.500 33.00 Free Free Free Free 
   26  4.750 34.00 Free Free Free Free 
   27  14.50 40.00 Free Free Free Free 
   28  16.00 41.50 Free Free Free Free 
   29  16.50 44.00 Free Free Free Free 
   30  17.50 68.00 Free Free Free Free 
   31  16.50 70.00 Free Free Free Free 
   32  14.00 71.00 Free Free Free Free 
   33  2.000 71.00 Free Free Free Free 
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Number of Element Types = 1 
Element  Elastic      Shear   Poisson's   Thickness   Thickness 
 Type    Modulus   Modulus   Ratio         in Flexure   in Shear    Corrugation   Depth   Width 
Number       E              G      ν               te         tg          Type          d             b 
   1    2.00E+5   8.00E+4  0.300  2.400        2.400          None            0.0         0.0 
 
Section Properties 
Area of section  A = 635.3 
 
2nd moment of area  Ix' = 4.023E+05 
about rectangular axes Iy' = 6.855E+05 
 
Section modulus  Zx' = 9590 
about rectangular axes Zy' = 1.566E+04 
 
Product moment of area Ix'y' = -9130 
 
2nd moment of area  Ix = 4.020E+05 
about principal axes  Iy = 6.858E+05 
 
Section modulus  Zx = 9286 
about principal axes  Zy = 1.539E+04 
 
Torsion constant  J = 1220 
 
Warping constant  Iw = 7.285E+08 
 
Coordinates of  Xc = 45.23 
centroid   Yc = 29.05 
 
Coordinates of  Xs = 44.85 
shear centre   Ys = -32.52 
 
Coordinates of shear  xo = 1.601 
centre in principal axes yo = -61.55 
 
Monosymmetry  βx = 136.0 
parameters   βy = -3.537 
 
Slope of principal axes α = -1.845° 
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C7  - 9024 Section 2 measured at bottom 
- Uniform Base Metal Thickness = 2.40mm 
 
 
THIN-WALL 2.0 
Cross-Section Analysis and Finite Strip Buckling Analysis of Thin-Walled Structures 
Copyright © 1993-2003, Centre for Advanced Structural Engineering, University of Sydney 
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Job: 9024_section_2 
Title: C-S 2 (btm) 
 
Number of Nodes = 33 
 Node     Coordinates  Restraints 
Number    X    Y  δX  δY  δZ  θZ 
   1  -84.00 72.00 Free Free Free Free 
   2  -75.50 71.00 Free Free Free Free 
   3  -73.00 70.00 Free Free Free Free 
   4  -71.50 67.00 Free Free Free Free 
   5  -71.00 44.00 Free Free Free Free 
   6  -71.50 42.00 Free Free Free Free 
   7  -73.50 39.50 Free Free Free Free 
   8  -84.50 35.00 Free Free Free Free 
   9  -85.50 33.50 Free Free Free Free 
   10  -86.50 32.00 Free Free Free Free 
   11  -86.50 4.500 Free Free Free Free 
   12  -85.00 2.500 Free Free Free Free 
   13  -83.00 2.000 Free Free Free Free 
   14  -55.00 1.500 Free Free Free Free 
   15  -52.50 2.500 Free Free Free Free 
   16  -49.00 5.000 Free Free Free Free 
   17  -45.50 6.500 Free Free Free Free 
   18  -43.00 6.000 Free Free Free Free 
   19  -37.00 2.500 Free Free Free Free 
   20  -35.00 1.500 Free Free Free Free 
   21  -6.000 1.500 Free Free Free Free 
   22  -3.500 3.000 Free Free Free Free 
   23  -2.000 6.000 Free Free Free Free 
   24  -3.500 30.00 Free Free Free Free 
   25  -4.000 32.00 Free Free Free Free 
   26  -5.500 33.00 Free Free Free Free 
   27  -15.00 37.50 Free Free Free Free 
   28  -17.00 39.50 Free Free Free Free 
   29  -18.00 42.00 Free Free Free Free 
   30  -18.00 67.50 Free Free Free Free 
   31  -17.00 70.00 Free Free Free Free 
   32  -14.50 71.00 Free Free Free Free 
   33  -4.500 71.50 Free Free Free Free 
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Number of Element Types = 1 
Element  Elastic      Shear   Poisson's   Thickness   Thickness 
 Type    Modulus   Modulus   Ratio         in Flexure   in Shear    Corrugation   Depth   Width 
Number       E              G      ν               te         tg          Type          d             b 
   1    2.00E+5   8.00E+4  0.300  2.400        2.400          None            0.0         0.0 
 
Section Properties 
Area of section  A = 626.6 
 
2nd moment of area  Ix' = 3.917E+05 
about rectangular axes Iy' = 6.248E+05 
 
Section modulus  Zx' = 9007 
about rectangular axes Zy' = 1.466E+04 
 
Product moment of area Ix'y' = -103.2 
 
2nd moment of area  Ix = 3.917E+05 
about principal axes  Iy = 6.248E+05 
 
Section modulus  Zx = 9011 
about principal axes  Zy = 1.466E+04 
 
Torsion constant  J = 1203 
 
Warping constant  Iw = 7.108E+08 
 
Coordinates of  Xc = -44.61 
centroid   Yc = 28.51 
 
Coordinates of  Xs = -44.42 
shear centre   Ys = -32.99 
 
Coordinates of shear  xo = 0.2200 
centre in principal axes yo = -61.49 
 
Monosymmetry  βx = 134.3 
parameters   βy = -0.3773 
 
Slope of principal axes α = -0.0254° 
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C8  - 9024 stub column measured at top 
- Uniform Base Metal Thickness = 2.40mm 
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Job: Stub_Columns 
Title: 9024_top 
 
Number of Nodes = 33 
 Node     Coordinates  Restraints 
Number    X    Y  δX  δY  δZ  θZ 
   1  92.00 73.00 Free Free Free Free 
   2  81.00 73.00 Free Free Free Free 
   3  78.00 72.00 Free Free Free Free 
   4  76.50 69.50 Free Free Free Free 
   5  76.00 43.50 Free Free Free Free 
   6  77.00 41.00 Free Free Free Free 
   7  79.50 39.50 Free Free Free Free 
   8  88.50 35.50 Free Free Free Free 
   9  90.00 34.50 Free Free Free Free 
   10  91.00 31.50 Free Free Free Free 
   11  89.50 7.000 Free Free Free Free 
   12  88.00 4.000 Free Free Free Free 
   13  85.00 2.000 Free Free Free Free 
   14  55.50 3.000 Free Free Free Free 
   15  52.50 4.000 Free Free Free Free 
   16  48.00 8.000 Free Free Free Free 
   17  46.00 8.500 Free Free Free Free 
   18  43.00 8.000 Free Free Free Free 
   19  37.00 4.000 Free Free Free Free 
   20  34.50 3.000 Free Free Free Free 
   21  8.500 2.000 Free Free Free Free 
   22  5.000 4.000 Free Free Free Free 
   23  3.000 7.000 Free Free Free Free 
   24  2.000 31.00 Free Free Free Free 
   25  3.500 34.00 Free Free Free Free 
   26  6.000 35.50 Free Free Free Free 
   27  13.00 39.50 Free Free Free Free 
   28  15.00 41.00 Free Free Free Free 
   29  17.00 43.00 Free Free Free Free 
   30  18.00 69.00 Free Free Free Free 
   31  17.00 72.00 Free Free Free Free 
   32  14.50 73.00 Free Free Free Free 
   33  4.000 73.00 Free Free Free Free 
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Number of Element Types = 1 
Element  Elastic      Shear   Poisson's   Thickness   Thickness 
 Type    Modulus   Modulus   Ratio         in Flexure   in Shear    Corrugation   Depth   Width 
Number       E              G      ν               te         tg          Type          d             b 
   1    2.00E+5   8.00E+4  0.300  2.400        2.400          None            0.0         0.0 
 
Section Properties 
Area of section  A = 644.2 
 
2nd moment of area  Ix' = 4.218E+05 
about rectangular axes Iy' = 7.219E+05 
 
Section modulus  Zx' = 9867 
about rectangular axes Zy' = 1.602E+04 
 
Product moment of area Ix'y' = 1.104E+04 
 
2nd moment of area  Ix = 4.214E+05 
about principal axes  Iy = 7.223E+05 
 
Section modulus  Zx = 9513 
about principal axes  Zy = 1.550E+04 
 
Torsion constant  J = 1237 
 
Warping constant  Iw = 7.722E+08 
 
Coordinates of  Xc = 46.94 
centroid   Yc = 30.25 
 
Coordinates of  Xs = 45.79 
shear centre   Ys = -32.39 
 
Coordinates of shear  xo = -3.446 
centre in principal axes yo = -62.56 
 
Monosymmetry  βx = 138.8 
parameters   βy = 7.101 
 
Slope of principal axes α = 2.104° 
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C9  - 9024 stub column measured at bottom 
- Uniform Base Metal Thickness = 2.40mm 
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Job: Stub_Columns_btm 
Title: 9024_btm 
 
Number of Nodes = 33 
 Node     Coordinates  Restraints 
Number    X    Y  δX  δY  δZ  θZ 
   1  -89.00 73.50 Free Free Free Free 
   2  -80.00 73.50 Free Free Free Free 
   3  -77.00 72.50 Free Free Free Free 
   4  -74.50 70.00 Free Free Free Free 
   5  -73.50 43.50 Free Free Free Free 
   6  -75.00 41.00 Free Free Free Free 
   7  -78.50 39.50 Free Free Free Free 
   8  -86.50 35.50 Free Free Free Free 
   9  -88.00 34.00 Free Free Free Free 
   10  -89.00 31.50 Free Free Free Free 
   11  -88.25 7.000 Free Free Free Free 
   12  -87.50 3.500 Free Free Free Free 
   13  -84.00 2.000 Free Free Free Free 
   14  -56.00 2.000 Free Free Free Free 
   15  -54.00 2.500 Free Free Free Free 
   16  -49.50 5.500 Free Free Free Free 
   17  -46.00 7.000 Free Free Free Free 
   18  -42.50 6.000 Free Free Free Free 
   19  -38.00 3.000 Free Free Free Free 
   20  -35.00 2.000 Free Free Free Free 
   21  -8.000 2.000 Free Free Free Free 
   22  -4.500 3.000 Free Free Free Free 
   23  -2.500 6.500 Free Free Free Free 
   24  -3.500 31.50 Free Free Free Free 
   25  -5.500 34.00 Free Free Free Free 
   26  -8.000 35.50 Free Free Free Free 
   27  -15.50 38.50 Free Free Free Free 
   28  -17.50 40.00 Free Free Free Free 
   29  -18.50 42.00 Free Free Free Free 
   30  -20.00 68.00 Free Free Free Free 
   31  -18.50 71.50 Free Free Free Free 
   32  -16.00 72.50 Free Free Free Free 
   33  -7.000 73.50 Free Free Free Free 
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Number of Element Types = 1 
Element  Elastic      Shear   Poisson's   Thickness   Thickness 
 Type    Modulus   Modulus   Ratio         in Flexure   in Shear    Corrugation   Depth   Width 
Number       E              G      ν               te         tg          Type          d             b 
   1    2.00E+5   8.00E+4  0.300  2.400        2.400          None            0.0         0.0 
 
Section Properties 
Area of section  A = 639.1 
 
2nd moment of area  Ix' = 4.182E+05 
about rectangular axes Iy' = 6.664E+05 
 
Section modulus  Zx' = 9532 
about rectangular axes Zy' = 1.515E+04 
 
Product moment of area Ix'y' = -1.931E+04 
 
2nd moment of area  Ix = 4.167E+05 
about principal axes  Iy = 6.679E+05 
 
Section modulus  Zx = 8907 
about principal axes  Zy = 1.459E+04 
 
Torsion constant  J = 1227 
 
Warping constant  Iw = 7.825E+08 
 
Coordinates of  Xc = -46.49 
centroid   Yc = 29.63 
 
Coordinates of  Xs = -45.41 
shear centre   Ys = -33.48 
 
Coordinates of shear  xo = 5.941 
centre in principal axes yo = -62.84 
 
Monosymmetry  βx = 137.3 
parameters   βy = -12.61 
 
Slope of principal axes α = -4.421° 
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